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CHAPTER I 


RBYIBW OP LITERATIME 


I-l. IRTRODUOTIOR 


The electrical conductivity of a solid compound 
is a consequence of the presence of mohile electronic as well 
as ionic charge carriers. In a solid, several kinds of charge 
carriers may be present simultaneously and therefore it is 
important to know their relative contributions to the total 
conductivity. The transference number (t^^) of the ith carrier 
is defined as 


where is the conductivity due to the ith specie only and 
Oj is the total conductivity which may be expressed as 


o'j = n^(z^e)|a,^ (1-2) 

where and are respectively the concentration, 

valency and the mobility of the ith charge carrier and e is 

the charge of the electron. 

Wagner [l] has considered the transport of ions and 

electrons in a binary compoTmd M X and has shown theoretically 

^X 

that the electromotive force (E) of a galvanic cell containing 
the binary compound as the solid electrolyte may be expressed 


as 



2 





...( 1 - 5 ) 


where t. is the sum of the cationic and anionic transference 
ion 

numbers, and ii£ are the chemical potentials of the nonmetal 
at the two electrolyte-electrode interfaces with 
similarly and p^* are the chemical potentials of the metallic 

component at the same interfaces with 7 • S' is the 

Faraday's constant and and z^ arc the valencies of the metal 
and the nonmetal respectively. The compounds which are of 
practical importance as solid electrolytes in galvanic cells 
are those which are predominantly ionic conductors i.e. for 
which VI 1. A large number of crystalline compoxmds, 

which are mainly ionic in character, including alkali halides, 
calcium fluoride, silver-, copper-, lead-j barium-and strontium 
halides and pure and mixed oxide solid solutions have been 
shown to exhibit exclusive ionic conductivity and may be 
considered as good solid electrolytes. In general, the oxide 
electrolytes are useful in the high temperature range 
( 600-l600'^C ) , although several of them (e.g. ^-aluminas) may be 
used at lower temperatures. The alkali halides may be 
considered as the low temperature counterpart of the high 
melting oxide electrolytes and act as prototypes for these 
materials. The theory and the experiments on the alkali 
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halides have heen thoroughly reviewed by lidiard and his 
co-workers [2,3] and also by Supitz and Teltow [4]. 

Wagner and his co-workers [5-18] have correlated 
the equilibrium concentrations of the ionic and electronic 
defects in an ionic compound to the deviation from the exact 
stoichiometric composition and have pointed out that the 
movement of these charged defects is responsible for the 
electrical conduction in these solids. Applying the mass 
action law and assuming an infinitely small defect concentra- 
tion and the concentration independent mobilities, they have 
been able to explain the predominant electronic conductivities 
in a number of binary oxides like CuO, ZnO, CdO , NiO , FeO 
etc. Those oxides, due to their nonstoichiometric character, 
are not useful as solid electrcl. 3 ' tes but may be considered 
as oxide semiconductors. 

Among the oxide electrolytes, the ma.jor attention 
has been paid to zirconia and thoria base solid solutions due 
to their predominant ionic conduction over a wide range of 
oxygen potential and temperature. After preliminary 
electrical conductivity measurements, Kiukkola and Wagner [19] 
were the first to introduce these oxide electrolytes (Zr 02 - 
CaO solid solutions), having cubic CaF^ type crystal structure, 
for the determination of standard free energies of formation 
cf a. number of binary oxides by forming galvanic cells with rnetal 
mota.! oxide electrodes. This was followed by Peters et a,l.[20,21 
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who carried out similar experiments with ThO^-IagO^ and 
ZrOg-Y^O^ electrolytes, 

For an oxygen concentration cell the equation (1-5) 


may he modified as 


E = 





(I-3a) 


where ^ 


^^6 


2 


ji'or an exclusive oxygen ion conductor for which — 1> 

E = ^ in ^ (Mb) 

where R is the universal gas constant and T is absolute temperatu 

Schmalzried [22,25] has derived an expression for Pp^ dependence 

2 

of t. which allows the integration of equation (I-5a) in the 
ion 

mixed conduction region. 

18 

The simultaneous electrical conductivity and 0 
oxygen exchange measurements made hy Eingery et al. [24] have 
demonstrated that the conductivity in Zr02-15 n/o CaO solid 
solution is solely due to the movement of oxygen ions and 
the conductivity/ values may he related to the diffusion 
coefficient through Nernst-Einstein relation. They have also 
confirmed that the transport of oxygen ions in these electrolyte 
takes place through a vacancy mechanism. The details of the 
defect structure and the electrical properties of common oxide 
electrolytes have heen reviewed hy several authors [25-27]. 



5 


Based on these ohservations , the oxide electrolytes 
have been put to numerous scientific and technical applications 
e.g. high temperature fuel cells [28], numerous thermo dynamic 
and kinetic measurements in meta.llic and nonmeta.llic systems, 
an excellent account of which is given by Rapp and Shores [29] > 
control and measirrenent of oxygen activity in the solid, 
liquid and gaseous systems [ 30 - 45 '], for resistance and induction 
heating purposes [ 46 , 47 ] and electrochemical thermometry [48]. 

The required characteristics of the solid electrolyte 
vary with the intended applicsition and therefore the type of 
the solid electro.lyte should be chosen accordingly. Bor most 
purposes the solid electrolyte should have a very high 
electrical conductivity and the ionic transference number shoiH.d 
be very close to unity C , 99 ) . The predominant ionic 

conductivity in a solid electrolyte is always limited to a 
definite range of the chemica,! potential of the metal or the 
nonrietal component and therefore to the metal or the ncniaetal 
activity in the s;irrounding atmosphere which controls the 
extent of nonstoichiometry in the electrolyte. 

Initia .1 investigations [ 23 > 49 ] showed that the 
predominant ionic conductivity in Zr^ 15*^1 85 

0 x 5 gen partial pressures greater than that of the coexistence 
of T'e-FeO at lOOO^C. However later measurements by Tretjakow 
and Schmalzried [50] a,nd Patterson et al. [51] have proved 
that the calcia stabilized zirconia electrolyte exhibits 
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X^re dominant ionic conductivity upto an oxygen partial 

-22 

pressure as low as 10 atm. , the equilibrium i:-ressure for 

Cr-Cr^O^ coexistence at 1000 0. At lower pressures this 
2 a 

electrolyte becomes n-type semiconductor and can not be used 

as a solid electrolyte. Contrary to this, thoria base 

electrolytes exhibit ionic conduction down to a much lower 

oxygen partial pressure ( 10~^^ atm. at lOOO-'O) [51,52] 

and becomes p)-type semiconductor [ 52 - 54 -] at oxygen particol 

—6 o 

pressures greater than 10 atm. at 1000 'C. 

The fact that the solid oxide electrolytes contain 
mobile ionic defects means that there will be thermoelectric 
effects associa,ted with the motion of these cha^rged defects. 

The ionic charge carriers redistribute themselves under a 
temperature gradient in a ■wa 3 ^ analogous to that of the 
electronic charge carriers in a semiconductor. One of the 
important thermodynamic properties which can be determined by 
measuring thermoelectric power of ionic crystals is the 
'heat of transp)ort ' of different charge carriers. However, 
the successful interpretation of the experimental results 
needs a knowledge of the defect structure and the transference 
numbers of each c.f the carriers. The pioneering work to 
develop the theory of thermoelectric power of an ionic compound 
f the type MZ was made by de Groot [55] and Holtan et al. 
[56-57]. The theory has been later developed for specific 
type of defect models and has been successfully a.pplied to a 
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nimber of ionic crystals , chiefly pure and inpurity doped 
alkali halides, Ag- and Gu-halides [58-66] tc determine the 
heat cf transport of cationic and anicnic defects. A 
detailed accomit of the theory and experiments with- different 
kinds of thermccolls has been recently put forth by ¥a,gner [67]. 
The theory of thornoelectric power has been extonded to 
purely oxygen ion conductors like calcic, st.nbilized zirconia 
bj^ Ruka. ct al. [68] and Pizzini and his co-oj-orkers [69] and 
also to pure Th02 "by Tallan and Bransky [70]. 

In the following sections an a,ttempt has boen na.do 
to review’- the trioories of electrical conduction rend thermo- 
electric power of ionic conducter-s f-nd the results o-btairied 
by earlier investigators on ThC^ base eloctrolytes a,re 
presented . 

1-2 ATOMIC ARRi.hGEiyiENT 

Most of the important oxide electrolytes exhibit 
either cubic fluorite (GaP^) related crystal structures. 

A "unit cell of the OaP^ lattice is sh’-om in Pig. 1.1. It may 
be considered either as an f.c.c. cation lattice with an 
intcrpenetra.ting siriple cube cf anir^ns or as a simple cubic 
anion lattice with the cations at the centres of the alternate- 
cubes. The square at the centre of Pig. 1.1 indicates the 
interstitial position. There arc equivalent sites at the edge 
centres. The structiire is an open one and contains enpfy 
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spa.ces througii wtiich the conducting ion can move freely. 
Although at room tenperaturc- , pure ZrO^ has a mcnoclinic 
crystal structure , it forms a distorted fluorite type solid 
solution when doped with sufficient quantity' of CaO or MgO . 
However, both pure ThO^ and its solid solutions with a number 
of other oxides such as la^O^, CaO etc. have CclF^ tyioe 

structures . 


Assuming a hard sphere model for the ions, 

Mc5bius [71] ha.s sepiarately calculated the normalized • free 
radii (R) availadole for the movement of amnions and the cations 
in a GaR^ lattice. For the nigra.tion of an anion out of its 
neighbouring cation tetrahedra the normalized radius of the 
free spa.cs, R^ • may be expressed as 


R 


anion 


Similarly 


= 0.943 - 0.57 

anion anion 


(1-4) 


R 


'hole 


cation 


= 0.816 - 0.184 [; 


anion 


(1-5) 


cation "^cation 

In a ThO^ lattice having CaF^ structure, Mb'bius [72] has given 


that r 


,4+ 


1.15 A^ and r 


, 2 - 


= 1.27 A 


c 


Th^' . 0' 

the following vaRues nay be obtained. 


Using these values. 


R , = 0.89 

0 ^" 


R 

Th 


4 + 


and 


0.61 
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Since R „ ■> R a ,? the oxygen ions can move more easily 

0^" " Th^ 

than the thorinm ions. 

1 - 3 . POINT DBPSCTS 

Crystalline solids contain point defects at 
teraperatirres higher than O^E. Under the intrinsic condition ^ 
these defects e.re produced as a result of thermal disorder 
within the crystal. On the other handj extrinsic defects 
a,re produced due to the presence of impurities. 

In a crysta,! the following typos of o.tomic 
disohders may ho present. 

i) Vacsjicios are the sites where an atom is missing 
from a normo.lly occupied position, 
li) Interstitials are those where an atom is found 
in a normally unoccupied position, 
iii) Misplaced a,toms are those which are found at a 
site normally occupied hy another, 
iv) Impurity atoms may occupy either an interstitial 
position or may substitute an atom in the normal 
site . 

If the crystal is ionic in character these 
defects may be present in different states of ionization, and 
are termed as ’ionic defects’. Referring to oxides, the 
oxygon vaca.ncios or interstitials may be present in either 
neutral, singly ionized or doubly ionized states. Ionic 



11 


defects may be considered as fully ionized atomic defects. 

Under stoichiometric condition, to maintain the over all 
electrical neutrality in the solid, the ionic defects 
carrying either positive or negative charges a.re formed in 
several combinations, the most common of which axe Schottky 
and frenkel pairs. Schottky disorder consists of a pair of 
cation vacanc;/ and anion vacancjr while a, Prenkel pair is 
formed by a cation vacancy and cation interstitial. An 
anti-Frenkel defect consists of vacancy and interstitial in 
the anion sublattice. Besides the ionic defects, crystals 
contain electronic defects, like excess electronsor electron 
holes especially under a nonstoichiometric condition developed 
as a result of equilibrium with the surrounding atmosphere 
containing vapours of. either metal or the nonmetal of the 
compoimd. 'Therefore in a solid, several kinds of ionic or 
electronic defects are possible. However, it has often been 
observed that only one kind of defect becomes energetically 
more favourable than the others . 

Based on the calculations presented in the earlier 
section (Section 1-2) Mbbius [71] has predicted the predominance 
of anion defects in CaP 2 type lattices. The presence of 
a,nti-Frenkel pairs i.e. anion vacancies e.nd anion interstitials 
in fluorite lattices have been experimentally verified using 
different techniques like X-ray diffraction, density and 
electrical conductivity measurement and the results have been 
reviewed by several authors [75-76], 
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1-4. DEI'ECT GOITOEI'TTRATIOE AED ELBCTRICAI COEDUGTIVITY 
1-4.1 Pressure Variation 

The nota/ble feature of the point defects is that 
they ere in therr^al equilihrixun within the solid and nay be 
treated as chenical species in terms of equilibrium constant 
and mass action law. To determine the effect of nonmetal 
activity of the surrounding p.traosphere on the concentration 
of different type of defects, Kroger and Vink [77] considered 
the various combinations of defects in a. compound. MX and 
applying the mass a.ction law, made detailed calculation to 
find C'Ut the variation of the concentration of individual 
defects as a function of ncnmetal activity of the surroundings 
under an isothermal condition. As has been shown later^ the 
concentration of the defects changes in a different ma.nnGr 
in the different ranges of nonmetal activity with various 
combinations of defects. Since the conductivity is directly 
proportional to the concentration of the defect (equation 
1-2), the Variation of tho electrical conductivity with the 
nc-nmetal activity indicates the behaviour of the predoninont 
defect and has often been used to predict the defect 
structure of ionic solids, especially that of oxide electrolytes 
by compering the- experimental results with the thacretically 
calculated slopes of conductivity vs nonmetal activity plots. 

In case of pure Zr02 such slopes have been calculated by 
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Vest et al . [78] for the various conbinaticns of ionic and 
electronic defects. The results obtained are sumniarised in 
Table 1.1. 

As has been mentioned earlier, the oxides of the 
general formula MO 2 a^id having GaF 2 lyps crystal structure 
are known to ho,ve anti-Prenkel pair i.e. oxygen vacancies 
and oxygen interstitials, as their predominant defect. B.th 
the defects are assumed to be in the fully ionised state , 
ca.rrying two negalive and pc.sitive charges respectively. 

The defect equilibrium in such an oxide under the exact 
stoichiometric condition may be described by 

°o — Oi' " V ^ > 

and ^ e ' + h ( 1-7 ) 

where the nota.tions used are thi.-se given by lirdger and Vink 
[ 77 ]. 0.^ represents an oxygen ion in its noroial site. 0^^ 
and Vq a,re the oxygen interstitial and oxygen vacancy 
respectively, o and h are the excess electr>:n and electron 
hole respectively, is a valence electron. The primes 

designate negative charges while the dots represent positive 
charges . 

As the oxide is brought :'intc equilibrium with 

the surrounding atmosphere of either higher or lower oxygon 

poortial pressure (Pp ) compared t^ that of the stoichiometric 

2 

condition, changes in the composition take place, following 
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introduction of ionic defects like oxygen interstitia,is or 
oxygen vacancies together with the compensating electronic 
defects like electron holes or excess electrons respectively. 
The reactions nay le represented as 

^^(g) ^ 0|'+2h' (1-8) 

(At high Pp ) 

^2 

and 0^^ ^ ''^0 ' (1-9) 

(At low P ) 

^2 

Therefore the overall defect equilibria in the cxido , 
throughout the oxygen partial pressure range, nay bo described 
by the equations (1-6) tr (1-9)- Hewever only throe cf these 
four equo.tions Li.^y bo censidored independent and tbe fourth 
one nay be derived from the other three. 

Assuming a dilute solution model where the 
activities are equal to the concentrations, the application 
of mass action law to the equations (1-6) to (1-9) give sv Tise 
to 


3,nd 


E 


1 


E.. 

0 


E 


4 


[0^'][Vo] 


(i-io) 

[=']&■] 


(I-ll) 

[o''jrii']2 

p -1/2 

^2 

( 1-12 ) 

[T5][e']2 

p 1/2 

0^ 

(1-15) 
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where and are the equilihrixim constants for 

the ccoore spending reactions, the brackets represent the 
concentration of individual species and the concentration of 
Og gas is given by its partial pressure. Equations ( I-IO ) 
through (1-13) .are applica.ble throughout the partial pressure 
range. To maintain electrical neutrality in the solid under 
any condition, the following relation must be satisfied. 


[H ] + 2[V5] = 2[0’>] + [e'] 


(1-14) 


Considering equations (1-6) to (1-14) the concentration of 

individual defects may be expressed as a function of Pp, under 

2 

three limiting cases. 


Case I Stoichiometric Composition 

Significant ionic transfer can take place in the 

Pp range where the concentration of ionic defects far exceeds 
2 

that of the electronic defects and the equation (1-14) will 
essentially reduce to 


[V5] = [O'’] (1-15) 

representing a stoichiometric condition. 

Therefore, from equation (I-IO) 

[Of] = [V 5] = (1-16) 

The ionic defect concentrations are independent of oxygen 
partial pressure . 
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Follov^ing equations (1-12), (1-13), and ( I-l 6 ) , 
the concentrations of the electronic defects in this range 
may he expressed as 


[h‘] = 

[e'] = K^/2 g-1/4 p-1/4 


(1-17 

(1-18 


Case II Oxygen Deficient Region 

At very low oxygen partial pressm'-es, according 
to equation (I-9)-ythe concentration of oxygen vacancies and 
electrons will he much greater than that of interstitials and 
holes so that 


[^O'J = |[o']» [or] or |[h’] (1-19 

aaid therefore 


[V51 


(1-20 

[or] 

II 

( 1 

0 : H 

II 

Kp(K^/4)"^/^ Pj^^ 

(1-21 

[e’] 


p-1/6 

^2 

(1-22 

[H*] 

^2 
[e ' ^ 

£ 2 ( 224 )"^/^ 

(1-23 
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Case III Excess Oxygen Region 

In the high oxygen partial pressure range. 



thus 


[0)'] 

[h*] 


Similarly 


[s'] 


|[h‘] [Vq] or |[e>] (1-24- ) 




K, 1/3 


P 


1/6 

0 ^ 




42,'^ 1/3 


1 - 1 -./ y -j j c 

i[e'] = 


'0, 


2(ih!4/Vi/6 


(1-25) 

( 1 - 26 ) 


(1-27) 


(1-28) 


The variation of the concentration of individual 

defects with P^ may be represented graphically following 
^2 

Krb'ger and Vink type of diagram and is shown in Pig. 1.2a. 

The electrical conductivity of the system is chiefly determinec 
b;,' the concentration of the predominant defects and may be 
derived from Pig. 1.2a by applying eq-uation (1-2) with the 
assumption that the mobility of the defects is independent of 
concentration. This is particularly true at a lower defect 
concentration and sufficiently high temperature. The calculat( 
electrica,! conductivity in an oxide is shown in Pig. 1.2b. 
The mobilities of the electronic defects are in general 
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100-1000 times greater than that of ionic defects and 

therefore predominant ionic conduction takes place in the 

P,^ range where the concentration of ionic defects greatly 
2 

exceeds that of the electronic defects. As a result, the 

oxygen partial pressure range of exclusive ionic conductivity 

is shorter than that corresponding to the predominant ionic 

defects. According to the assumption made by lasker and 

Rapp [52], the ionic contribution in the mixed conduction 

region may be represented by the P^^ independent conductivity 

plateau in the intermediate partial pressuro range (Pig. 1.2b 

while the P^ dependent conductivity above this plateau 
2 

represents the electronic or electron hole contribution, 

Pollowing this assumption the ionic transference number as a 

function of ,Pp^ may be derived from Pig. 1.2b by using 
2 

equation (I-l). The results are schema-tically represented 
in Pig. 1,2c. The oxide may be considered as a solid 
electrolyte in the Pq range where t^^^ is almost equal to 

unity . 

Pure oxides are not of major importance as solid 

electrolytes because the exclusive ionic conductivity extends 

over a limited range of oxygen partial pressure. If the oxid 

is doped with an aliovalent cation like trivalent yttrium or 

divalent calcium, the concentration of the predominant ionic 

defect is drastically increased along with the P^^ range of 

2 

ionic conductivity, lasker and Rapp [52J have developed a 
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dilute solution model for doped HiO^ electrolytes to 

predict tiie partial ionic and electronic conductivities and 

also the ionic transference nmher as a function of and 

^2 


dopant concentration. 

In thoria doped with a part of the tetravalent 


thorium ions are substituted by trivalent yttrium ions and to 
maintain the electrical neutrality, oxygen vacancies are formed 
as the compensating defects, the concentration of which depends 
upon the content. 



1 




(1-29) 


Even with a small amount of the concentration of oxygen 

vacancies will far exceed that of the intrinsic defects and 
therefore 


[Vq] = |[Y0^_5] [0^’] (1-30) 

and the ionic conductivity in the intermediate oxygen partial 
pressure range may be given by 


“ion = ^ 

where is the mobility of the oxygen vacancies. Poliowing an 
analysis similar to that for M0_ given above and taking p. and [ 

c. ^ 

a,3 the mobilities of electrons and electron holes respectively, 
the electronic conductivity of ^ 2*^3 doped Th 02 ^0 

range may be expressed from the equations (1-13) and (1-29) as 


a 

e 


|e| )‘e( 2 K^)l /2 


( 1 - 32 ) 
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Siinilc.rly, at hie,h Pq range, the hole conductivity 
he obtained from equation (I-IO), (1-12) and (1-29) as 




(1-33) 


The results of the above ana.lysis are schematically 
represented in Pig. 1.3 which shows that^with increasing 
amount of ^ 2^3 content^the predominant ionic conduction trkes 
place over a wider range of partial pressure extended towards 
both higher and lower values. The general expression for 
the ionic transference nuniber for this electrolyte may be 
obtained from equations ( 1 - 31)5 (1-32) and (1-33) as 


t . 
ion 


a. 

ion 


a . +0 + o, 

ion e h 


where 






1 




^e ^ 

and 6, = ~ 


a. 5' 

(L 

. ..(1-34) 
(1-35) 


V '^v 

The equo.tion (1-34) illustra.tes the effect of 
Y0-, ^ content on the ionic transference number in Y^O^ doped 
ThCg electrolytes. 


1-4.2 Temperaturo Yariation 

^ Under theimal equilibriimi the concentration of the 
tichottky pairs in a crystal is given by 
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ng/N = exp(AS^^^/2k - AH3/2kT) (1-36) 

o-nd that of Frenkel pair 

np/’fhlh = exp( - AKp/2kT) (1-37) 

where and n^, are the niombers of Schottky and Frenkel pcirs 
respectively, IT and ly are the total niaraher of ions a.nd inter- 
stitial sites respectively in the crystal, is the change 

in thermal entropy per vaca.ncy, k\Ho and /i Ht- are the enthcilpi 
of formation of a Schottky and a Frenkel prdr rospectivelj?- , k 
is the Boltzman. consta.nt and T is absolute temperature. 
Equs-'tions (1-36) ond (1-37) represent the temperature dependen 
of tho intrinsic ionic defects in a crystal under stcichi 

metric condition. 

According to tho mass a,ction law the equilibrium 
constant of a chemical reaction (K) is expressed in terns of 
thermodynamic parameters. 

' K = exp( A S°/k - AH°/kT) (1-38) 

where and are respectively the entropy and entha.lpy 

change of the reaction under standard state. Assuioing these 
quantities as independent of temperature, equation (1-38) nnay 
be modified as 

A tt 0 

. exp(- 


K 


const 


(1-39) 
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The effect of temperature variation on the individual defect 
cencentration in an oxide having anti-Frenkel disorder can be 
calculated through Brock's analysis ['79] by superimposing this 
temperature dependence of the equilibrium constant on the types 
of calculations performed in the earlier section (Sec. 1-4.1). 
The equilibrium constants for the defect reaction preso-nted 
in equations (l-b) through (l-S) may be expressed as 

exp ( - ) ( 1-40 ) 

exp(- (1-41) 

exp(- -^^) (1-42) 

and 

K 4 = K 4 -exp(--^) (1-43) 


In the interne dia.te partial pressuire range 
pQ such that [e! ] = [h ],the temperature 
may be found out as fellows; 

From equal ion (I-ll) and (1-41) 


inider a constant 
dependence of [Yfl 

a. L. ij -J 


[e'] 


[ii*] 




exp( - 




2kT 


( 1 - 4 - 


.nd therefore from equation (1-13) and (1-43) 



26 


[V^] 


- 4^0 


1/2 




1/2 


[e’]' 


K. 


S ° exp(- A H °/kT) 


4 


xi/- AH^VkT) 


p-1/2 

0. 


(1-45) 


d UCVq] 

'TUTW' 


ah/’ + A 

tr .^- - 


k 




(1-46) 


Equation (1-46) gives tlie slope of tiie/concenti-ation vs l/T 
curve. Siioilarljr the ce ncentration of other defects nay bo 
r.etemined frc:;i equations ( I-IC ) through (1-13) aoxd (1-40) 
through ( 1-43 ) • 


1-5. THSfil'IOBLECTIlIG POWER 


The oxperirjental arrangcicent for the neasurenient 
cf thernoelectric power of a crystal liZ fitted vrith electrodes 
and lestds of the sane metal M is shown in Pig. 1.4 . The 
total potential difference (0-^ - 0^) is made up of three 
parts . 


(i) The homogeneous potential difference (0g^ - 0 q) which is 
due to temperature gradient (A T) within the crystal. 


(ii) The a.lgebraic sum of the contact potential difference 

[(03 ~ 0p) - (0p ~ H/MX interfaces , and 

(iii) The algebraic sum of the homogeneous potential difference 

[(0p “ 0^) “ (03 ” 03 ^] lead wires. 
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FIG. 1-.4 



experimental arrangement for measure 

MENT OF thermoelectric POWER IN A CRYS- 
TAL MX. ■ 
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The magnitude of the' last term is generally 
insignificant compared to the other two and may be neglected. 
Therefore the total thermoelectric power is given by 







dT ^ 

dT 


a, + 

horn. 

^et . 

(1-47) 


*^hom ^het homogeneous and heterogeneous thermo- 

electric powers respectively and 4* is ibe M/MZ contact 
potential. 

Based on the thermodynamics of irreversible process, 
the theory of thormoelectric power vrjis developed 'bj de Iroot 
[55] and Hoi tan et al. [56,57] without considering any 
particular defect model for. the solid and derived an expression 
for . la,ter , Howard and lidiard [80,81] approached the, prob 

by considering Frenkel disorder in the solid- find obtained 
results which are consistent with the thermodynamic analysis. 

In the kinetic treatment of Howard and Lidiard [S0,8l], the 
vacancies were considered as species of effective unit chorgo 
moving in a uniform dielectric. Allnatt and Jacobs [82 j hsve 
ref ormula,ted the theory of thermoolectric power with modified 
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exjjressions cf chemical potentials and considering vacancies 
as separate thermodynamic species having zero charge and 
mass. They have derived the expression for Seeheck 
coefficients for both Schottky and Frenkel type of defects 
in pure a,nd doped liX crystals. The effects of defect inter- 
actions on the thermoelectric poner of alkali halide 
crystals contemning Schottky defect has been considered 'by 
Shimo ji and Hoshino [83] . The prcblom of thermoelectric 
power under the situation where the electrode material is 
different from the metallic constituent of the compound MX 
has been considered by Allnatt and Jacobs [82] eaid Shimoji 
and Hoshino [83] • The theory of thermoelectric power 
originally developed for IVIX type of crystals has been 
successfully extended to oxide electrolytes by several 
investigators [68-70] and is briefly presented here. 

The Seebeck coefficient for a thermocell cf the 

type , 

(Pq^) Ptjj ||pt 

T T+k^T 

me.y be expressed as 

^ i [| S(Q=) - S(e“) - I S(02)] (1-^6 

where ©(0“) and &(e“) are the entropies of transport of 0~ 
ions in the electrolyte and the electrons in the plstinum 
electrode respectively. ^^^2^ change in entropy due 
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to heterogeneous electrode reaction. Tannhauser [84] has 
pointed out that this quantity has been misleadingly termed 
as partial molar entropy of 0^ in the gaseous atmosphere at 
the electrode by Ruka et al. [68] and Tallan and Bransky [70], 
The electrode reaction depends on the particular gaseous 
atmosphere which exists at the electrode. Ruka, et al. [68] 
have assumed that the following reactions take place for the 
02“in.ert gas and - H^O - 1^2 mixtures respectively. 

O2 + 4e" ^ 20= (1-49) 

2H2O + 4e" ^ 2H2 + 20" (1-50) 

following the sa,me principle, Tallan and Bransky [70] have 
derived a general expression for tiie Seebeck coefficiont of 
a MO2 type of mixed conductor having a fixed concentration of 
ionic defect (e.g. nominally pure thoria with a small amount 
of impurity) and taking into consideration the effect of 
defect association. 

If fully charged oxygen interstitials are present 
C',s the compensating defect, the homogeneous Seebeck coefficient 
can be calculated as 
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•w‘h.ere t, and t. are tlie transference numbers for electron 
n ion 

hole and oxygen ion respectively. ^ is the enthalpy 

A. 

change for the reaction 

1 0^ 0." + 2h' (1-52) 

2 2 ' 1 

HHp is the enthalpy change- of the association roaction 

■p ’ + 0 ” f? 0 )' (1-53) 

Q(li’) and Q(0j^') are the boats of transport of electron hole 
and oxygen interstitials respectively and p is the degree of 
association defined by 

[(FjyrOi)'] 

p = (1-54) 

[%]p 

is the total impuritj'' content. Similarly 


a 


het 


e ^2 “ 4 




- S(e' 


)pt^ 


(1-5 


Combining (1-51) and (1-55) one gets the total Seebeck 
co’efficient . From these general expressions, 
obtained by substituting = 1 and 4^^ = 0 and a;^ by the 

substitution of = 0 a.nd = 1 , where and are the 

ionic a,nd electron hole Seebeck coefficients respectively. 

The total Seobeck coefficient is given by 

ccm = t. a- + t, (X, (1-56) 

T ion ion h n 
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As yet there is no suitable method to calculate the absolute 
Seebeck coefficient. However the Seebeck coefficient 

difference for the two gas mixtures, (cc. ) ) , o 

ion ion 

can be calculated for a range of oxygen partial pressures 
over which the electrolyte and the electrode material remain 
invariant. In that case S( 0 ~) will remain constant and 
equation (1-48) can be applied to two different gas mixt'ores 
separately and by substraction one gets 


h. a ^‘^icn^gasl “ ^^icn^gs,s2 ^gasl " ^^^2^gas2^ 


...( 1 - 57 ) 


It is generally convenient to choose one reference gas 
mixture in the partial pressure range where the electrolyte 
is completely ionic. In the case of calcia stabilized 
zirconia, pure 0 ^ can act as the reference gas. Equation ( 1 - 57 ) 
shows that the difference in Seebeck coefficient between two 
gas mixtures is a linear function of entropy difference 
between the two gas phases and not of partial pressure 
difference . 

This has been verified for (Zr02)Q 35^ pj 
and ’pure’ thoria as is evident from Eigs. 1.5 and 1.6 
respectively. For pure thoria the values of A.0; in the mixed 
conduction region have been plotted with their probable error 
limits (the inset of Fig. 1.6), Measurement of Seebeck 
coefficient as a function of oxygen partial pressure together 
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with the reported values of S(0p}^^^ and o(e ) ^ gives thrj 


snthalpies of transport; 


S(Of) = 1.45 ± t’.5 eu in ThO^ ?.t lOOCtC over the 


.1 


s-23 


P,-, range of lO*’"'"'^ to 10 atn . and S(¥q) = 10,3 to 10.9 cu 


■ 0 , 

for (2r02)Q^35(Ca.Q)^^^^ at 1000^0. 


1-6. GONIiUCTIlITT OF THORlA Ahl TH0E.IA BASE BLBCTROLITES 

1-6.1 Pur-e ThOg and ThC^-M^O^ Electrolytes 

The experimental results on thcria and thoria hnse 
oloctrclp’tes have been ro^viewed by Sapp [26] aood later oy 
Etsell and Flengas [27]. Tii© c,*c. total conductivity of pure 
thoria has been noasured by several investigators [49,52-54, 
e5_89] as a function of ooiygen partial pressure or temperature. 
The various cxyg'en partial p^ressures wore obtoinod oitht.r by 
different gas mixtures or through various metal-n'otol ...aidu 
equilibria. The results obtained by seme of those 
investigators pu-e compared in Fig. 1.7 in which logo has bt;t;n 
plotted against log under different isothermal conditions. 

Considering the differences in the origin of the sreciri-vns, 
the conductivity values reported oy various authors arc- in 
good agreement with each other. As predicted by toio tlL,crj u*f 

defect concentration, the P^, independent plateau in t.-.'.o 

2 _ ... - 4 ... 
conductivity lolot represents the ^.rodoninant iomc c^nouct^jn 

in ’pure’ thoria. Electrical conductivity [52-54,85,87], 

density [86,90] and thermoelectric power measurements [7Cj 
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o Lasker & Rapp 
® Rudolph (1000°C) 
o Bauerle(1000°C) 
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show that the c:<;ygv3rx wacancies are the predcminant ionic 
defect in 'p)ure’ and. doi)ed thoria specinsens. It is evident 
irora hig. 1.7 that the ionic conduction in ’pure* thoria takes 

r 

place below certain partial X-ressure range (lO”*^ to 10~'^ c-tn. ) 
where it can be used as an electrolyte in galvanic cells. 

/a 

However at higher Pp the conductivity is proportional to 

2 2 
indicating a p-type semiconduction in this range. According 

to the predicted orariation cf defect concentration, the obscorved 

pressure dependence of conductivity may be obtained either 

in a truly pure thoria specimen in which the variation of defect 

concentration is described by the right hand half cf zone II 

(Mixed conduction region) in Pig. 1.2a or, if the sample contains 

significant amount of di- or tri-valent impurity ions, so that 

its co.-nductivity is described by equation of the form (I-55)- 

By plotting the ionic conductivities cf thoria samples containir 

known amcunt of impurity against the impiurity content and 

extrapolating it to the conductivity value of pure IhO^, 

Bauerle [54] has reported the presence of 200-400 ppm of 

trivalent impurity in his 'pure* thoria sample. Similar 

obsorva.tion was also ma,de by lasker and Rapp [52]. It has 

been pointed out [87] that the 'piore’ Th02 samples currently 

avaJ.lable and. ea.rlier used by different investigators contain 

sufficient amount of the di- or tri-valent impurities and the 

defect equilibria in such specimens may be better described by 

thpk observed in the mixed conduction region of a doped oxide . 
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'‘-owever, tlae olDservation of the characteristic 

2 

dependence oi conductivity in the p-type semiconduction 
regi.pn of truly pisre Th 02 as predicted by the postulated 
defect structure has been claimed by Primas end Rapp [9l] 
gnly at a very high temperature (1500^0) where the concent- 
rations of the extrinsic defects are expected *to be negligible 
compared to that of the native defects. The l/5 pressure 
dependence later observed by Bransky and Tallan ’[87] has boen 

attributed to a transition from P^. independent ionic conduc- 

2 

tiVity to Ppi depend ant hole conductivity. These s.uthors havo 

, ■ i. 

' 2 ^ /g 

s'uigges'ifed thsit the Pi'^ dependence corresponding to the 

2 

nonstoichiometric defect equilibrium 


[h'] = 2[0^'] 

3 

may not be observed mtil 18-^ . 

The existence of mixed conduction in ’pure' 
thoria was earlier demonstrated by Danforth and Badine [92,93] 
by a polarization teehnipue , using electrodes blocking to 
the ions only. The technique has boen later used by Vest 
and Tallan [94] to determine the electronic transference 
number in calcia stabilized zirconia specimens. 

Contrary to the zirconia base electrolytes which 
are ionic conductors even in a pure oxygen atmosphere , thoria 
electrolytes are useful belew 10 ^ to 10 ^ atm. of oxygen 

clown 

psxtial pressure and remain ionic^ to an extremely low Pq 
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value. Markin et al. [95] have reported that measurable 
electronic conduction did not result even by placing thorium 
pellets on both sides of the electrolyte and flushing with 
dry hydrogen. The width of the ionic conduction plateau 
reduces with increasing temperature. Bra.nsky and Tallan [87] 
have been able to detect n-type semiconduction in 'puce' 
thoria only at a temperature above 1600°C. Px-cently 
Choudhury and Patterson [89] have obta.ined n-type conductivity 
at Icwer tempera.tuxes (800-1100*^0) at a partial pressure 
below the coexistence of Ti - Ti 0 electrode. 

X 

The temperature dependence of electrical conduc- 
tivity in 'pure* thoria ■'under a fixed oxygen partial pressure 
has been studied by several investigators. The activstion 
energies have been calculated from the Arrhenius-type of 
plots of logcf vs l/T, In the mixed conduction region Bransky 
and Tallan [87] obtained activation energies of 0.98 ev 
belo'w 1100°G and 0.77 ev above this temperature from a plot 
of log conductance vs l/T while the values obtained by 
Mehrotra et al. [83] from a plot of logoT vs l/T are 1,3 ev 
and 0.95 ev for the corresponding temperature ranges. 

Similar breaks in the activation energy curve were earlier 
observed in both 'pure' thoria [53] and pure HfC 2 [96]. In 
the ionic conduction range , the activation energy for ionic 
transport as obtained from the conductivity data [87] is 
0.89 ev at lo-wer temperatures -while the value increases to 
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1.17 ov at higher t emperatiires . However the activation 

energy obtained from Seebeck coefficient measurement is 1.18 

ev and remains constant throughout the temperature range. 

The activation energy for ThO^-hgO^ solid solutions wa.s 

found to vary between 1.0--1.2 ev [49,52,90]. 

Among the thoria base electrolytes, "^2^3 doped 

thoria electrolytes have been studied most extensively. The 

solubility limits for system ha.ve been determined 

by Z-raj/ diffraction technique [85,86]. On the ThO^ rich 

side, the cubic fluorite type phase exists upto 40-50 m/o 

YO^ ^ at 2200'^0, The limit of solubility decreases to 20-25 

m/o YO^ ^ at 1400°C. The solid solubility limit of various 

oxides in ThO^ ore presented in Ihble 1.2. Density measirremexj 

[85,36,90,97] .show that the oxygen vacancy is the predominant 

defect in ThO^-YO^ ^ electrolytes. 

The conductivities of ThO^-YO^ ^ electrolytes 

contciining 0,84 to 25 m/o YO^ ^ have been measured [52] over 

a range of Pp in the temperature range of (800-1100°C) and 
2 

they were found to obey the predicted and TO^ ^ content 

dependencies. However, no detectable electronic conductie'ity 

-27 

was observed down to an oxygen partial pressure of 1C atm. 
at 800°G or upto 10“^*^ atms . at lOOO^C. The effect of 
content on the ionic conductivity observed by different 
investigators, is shown in Fig.. 1.8. The observed dependence 
is linear only upto a small concentration of YG^ 


With 
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Table 1.2 

Solid Solubility of Various Binary Oxides in Th02 


Oxide 


Cation 
Radi as 


(A°) 


Temperature 

(^^C) 


Solubility 
m/o MO or 

»2°3 


Reference 


S G ^ 0 -y 

0.91 


1.07 

2 5 

1 — 1 

(M 

# 

r — 1 


1.16 


1.15 

Sin^C „ 

2 t 

1.13 

Eu^C ^ 

I.IC 

Co. 2^ ^ 

I.IC 

Yb-C^ 

2 3 

1.04 

CaC 

1.10 


SrC 


Ba(. 


1750 

0.5 

98 

1200 

18 

85 

1400 

12 

86 

1400 

14 

99 

2000 

33 

86 
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Fie. 1-8 IONIC CONDUCTIVITY AS A FUNCTION OF 
M0LE%Y0,.50R percentage OF ANIONIC 
VACANCIES AT 1000 °C [26] 
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increasing impurity content the conductivity goes through a 
maximum at about 15 m/o YC^ The deviation from linearity 

may be ascribed to the decreasing mobility of oxygen vacancies 
as a result of ordering [ 1 C 8 ] , clustering [iC 9 ] of the defects 
or impurity vsicoricy interactions [73] t The difference in the 
values of conductivity obtained by various investigators may 
be attributed to differing conditions employed for sample 
preparation. 

The ionic transference number for Th<.. solid 

2 1.5 

solutions have been calculated from the conductivity data and 

are shown in Fig, 1.9 as a function 'of P . As predicted by 

■'2 

the dilute solution model, increasing addition of YC, ^ (upto 

A. » j 

15 m/o widens the rauige of exclusive ionic conduction 

pnd shirts the limit of predominant ionic conductivity’' towards 

higher P,., side. A knowledge of the variation of t. as a 
^ 2 ic>n 

lunction of oxygen potential helps the integration of equation 
(l-3a) to deterraine the BMP of the galvanic ccai formed by the 
mixed conductors. Subbarao et al, [ 86 ] ajcd Lasker and Rapp [52} 
have measured the EMs of galvanic cells involving various 
metal-iaetal oxide electrodes corresponding to the different 
■oxygen potential omd the electrolytes of various I( r- contents. 
The measured BfFs , except with ’pure' ThC^, are in good 
agreement with those calcula.ted by the graphical integration 
of equation (l“-5a) with the help of Fig. 1 . 9 . 



Ionic transference number 



-iog 

'le. 1.9 lONiC TRANSFERENCE Nt 
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It may be pointed out that a signif icantf electronic 
conduction provides an electrical shunt through the electrolyte 
and a continuous oxygen transport ta.kes place from the electrode 
cf higher to that of lower P„ resulting in a gradual 

lox'j'ering of the cell BMP' unless onljr nonpolar! sable electrodes 
a.re used. Subbarao et al, [86] calculated the ionic trans- 
ference number of ThO -TO. j- electrolytes as the ratio of 

(£_ J_ » IP 

raeasured open circuit BMP to the theoretical BiiF corresponding 
to a fully ionic conductor. These values agree well with 
those obtained by Lasker and Rapp [52] from trie conductivit37' 
measurement. Both these investigations provide experimental 
data for the verification of the dilute solution mode?, 
developed bjr Lasker and Rapp [52]. 

In addition to the conductivity and galvainic cell 
measurements for the determination of transference numbers, 
d.irect measurement of the partial electronic or electron hole 


contribution in 'IhOQ ps^i 925 c^®-4rolyte has been made 

by Patterson et al. [51] is the temperature rarge of 800-1000'^C 
following Wagner [llO] and Hebb’s [ill] polarization method. 

The method consists of applying a d.c. BJiF aeross a cell 
involving a reversible electrode on one side and a nonrcversible 
electrode at the other, 


Reversible electrode 
(Me - MeC) 


Electrolyte 
(oxide ] 


Son reversible 
Bloctrcde 
(Au, Pt) 


X = 0 
+ 


X = L 



46 


The polarity is chosen such that the conducting ion ia 
attracted towards the reversible electrode which acts as the 
sink for the ions. Under steady state condition, the ionic 
current decreases to zero because the nonreversible electrode 
at Z = 1 is a very poor source of conducting ions. Under 
this condition, the current (I) consists of only the 
electronic or electron hole contribution. 




= Iv. + I 
h e 


( 1 - 58 ) 


According to bagner's [llO] theory, local eqirilibriuin exists 
between the ions, electrons and the neutral species throughout 
the electrolj'te . As has been mentioned earlier, for a doped 
oxide electrolyte 


"h 


a 


A/4 

■o„ 


and 


a 


■Q, 


■1/4 


and therefore 
contributions 
expressions 


can be calculated by integ-rating and 
over the Pq range of the cell and the resulting 


"cc ll ~ exp(-u)] + o^°[exp(u) - l]^ (1-59) 

where 0 ^° and are the partial electron and electron liOle 

conductivities at a of the reversible electrode and 

> , 2 

u = lEjF/RT where S is the applied EI‘!P. 

Patterson et al. [51] have modified Wagner's 
expression by dividing both sides of equation (1-59) by 
[1 “ exp(-u)] so that 
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I^[l - e>;p(-u)] = (1-60) 

A plot of the left hand side of this equation against exp(u) 

will yield a slope of (RT/Pl) and an intercept of (RT/f'l) 

a, ° and hence the va,lues of o, ° and c ° mav be derived. The 
h h e - 

results obtained with Th^ cl^Yr^ -O-i a^e shown in Pig. 

0.S5 O.lo i.ylt 

1.10 along with the tota.1 conductivities measured by Lasker 

and Rapp [52j. The observed Pq independent ( shuint } was 

found to be due to some extraneous resistance parallel to 

the electrode and may be attributed to thermionic emission. 

Patterson et al. f 51 1 hs ve also estimated the lowest P^, 

^2 

values for which t. ^ y 0.99 for this electrolyte. The 

ion 

values are 10“^^*^ atm. at lOOO^C, 10"^^*^ atm. at oCC°G and 
10“44.7 SOO^O. The complete electrolytic domain of 

yttria doped thoria electrolytes has been determined [112 ,,1133 
and the results are shown in Pig. 1.11 along with that of 
pure thoria and ceJeia stabilised zirccnia. 

Aside from the Th02-Y2*^'^ electrolytes, there are 
only limited conductivity measurements available on TnO^- 
LaO-, c electrolytes. Steele and Alcock [49] reported that the 
ionic conductivity of ThO^-LnO^^ electrolytes containing 
5-8 m/o are about 10 percent higher than that of the 

corresponding TO, ^ compositions. Hund [114J has reported a 

X * 3) 

conductivity value of 3*2 x 10 ^ -XTcm ^ at 1000*^0 for TiiOp- 

14 m/o La^O^. The anion vacancy model has been confirmed 
2 3 





o 


• CU 2 O “CuO ^ Fe- FeO 
oC.tj-Cu20 oNb-NbO 

»Co -CoO 
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for ThO^-La^O^, 'rh02-Gd20^ and Th02"^'^2^'3 [lOO] . 

1-6.2 Th02-Ca.0 System 

It has been established that calci-um oxide which 

ha.s a NaCl structure , dissolves in ThO^ to produce a cubic 

m 4 + 

fluorite type solid solution. The ionic sices for Th , 

Ca^"*" and 0^~ in the fluorite lattice are 1.15 ? 1.10 o.nd 1.27 
A° respectively [72]. Curtis and Johnson [l07] have suggested 
that the maximum solubility of GaO in ThO^ was a.t least 
12.5 m/o at ISOO'^C but according to Hdbius ot al. [72j the 
solubility is only 8 m/o at 16C0°C. As has been pointed out 
earlier, when thoria is doped with CaO , electrical neutrality 
is maintained by the introduction of 0^ vacancies. v/achtnan 
[ 115 ] has accounted for the observed internal friction and 
dielectric loss peak in Th02-1.5 m/o CaO x^ith a model X'^rhore 
by the Ca^'*' ions are associated with oxygen ion vacancies. 

The activation energy for the movement of oxygen ions was 
found to be 0.93 ev. Limited conductivity meas-orements shew 
that the- conductivity values are an order of magnitude lower 
than the corresponding Th 02 -i’ 2'^3 compositions and the= homo 
contribution is higher at the s.ame oxygen partial pressure [49 
The maximum conductivity seems to occur at 5 m/o CaO and 
remains constant upto about 15 m/o CaO [49»llb]. Ullman [ll7^ 
has shown that above 1200°C the conductivity 'was independent 
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of composition from 0 to 30 ni/c GaO and the activation 
energy is 2.0 ev compared to that of 0.9 ev below 1200°C 
while Mehrotra et al, [88] have obtained the activation 
energJLes of 1*2 ev below 1100°C and 1.0 ev above this 
temperature. Such a behaviour was earlier observed in 
Th 02 "l 20 ^ solutions. 


a 


ihRARt 

-rtrirT'i 

^ 3 3 I ti. 


Mo. 
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CHAPTER II 

STATSMBHT CP THE PROBLEM 

As is evident from the discussion rrresented in the 
earlier chapter, thoria base materials have been proved to be 
good solid electrolytes for galvanic cell application in the 
low oxggen partial pressure range. The defect structure and 
the electrical properties of pure thoria and yttria doped 
thorici, electrolytes have been extensively studied. Limited 
experiments carried out with ThC^-CaC' solid solutions indicate; 
their potentialities as good solid electrolytes in the sane 

P, . range as tha,t of yttria doped thoria ele ctrolytes . 

"■2 

However, no detailed and systematic investigation has yet been 
iaa.de on this na.terial and therefore their electrolytic proper- 
ities are not fully determined. 

The present investigation was taken up to make 
detailed measur’enents of the electrical properties (electrical 
conductivity and thermoelectric power) under ve.rious experi- 
mental conditions of temperature , oxygen partial pressure and 
composition and thereby to ascertain the defect structure as 
well as to study the electrolytic behaviour of the pure and 
CaC -doped thoria^ ceramic electrolytes under these experimental 
conditions . 

Another aim of the study was to determine the 
characteristics of s. solid electrolyte oxygen pump and to test 
its usefulness in controlling the oxygen activity in a flowing 
inert gas streen. 
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CHAPTER III 

EXPERIMENTAL PROCEDURE 

III-l. SAMPLE PRBPARiiTION 

To prepare CaO-doped ThO^ specimens, reactor 
grade tiioriuin dioxide (supplied by Indian Rare Sartlis Ltd., 
Bombay) and BDH analytical reagent grade calcium carbonate 
were used as the starting materials. Typical analyses of 
these materials are given in Table 3.1 and 3.2 respectively. 
Earlier attempts to coprecipitate oxalates of thorium and 
calcium from their nitrate solution or to evaporate to 
dryness the mixture of the same nitrate solution was not 
successful in this laboratory [118]. Therefore, required 
quantities of calcined thoria powder and anhydrous calcium 
carbonate were vreighed in a single-pan balahce , accurate 
upto 0.1 'mg, and thoroughly mixed under acetone in an agate 
mortar. The mixing was continued for about an hour. The 
mixture was dried in an oven at 150°C and calcined in a 
platinum crucible at 1100*^0 for 3-4 hours. After calcination 
the powders were pressed into pellets in a 12.5 lam diameter 
steel die under a pressure of 5 bar (--.'75000 psi) which was 
applied through a hydraulic press. The pressed pellets 
were heated at 1400°C for 2 hours over a platinum foil. To 
get uniform composition, these pellets were crushed, ground, 
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Table 5.1 

Typical Analysis of Reactor Grade Thorium Dioxide^ 


Blement 

Quantity 
in p.p.m. 

! 

1 

' Element 

1 

1 

? 

? 

Quantity 

in * lq « 

Ce 

-^0.4 

Li 

J_ 

Gc 

0.08 

Mn 

1 


-R 0.2 

I'Ti 

4 

Sr 

^ 0.2 

Me 

o 

H 

Ett 

-A.. 0.08 

Pb 

h 2 

ty 

^ 0.2 

Sb 

<C 2 

3 

0.22 

Bn 

^ 1 

Be 

H 

O 

V 

< 5 

Cd 

0.1 

U 

1.5 

Ou 

^ 2.0 

Sulphate 

120 

Or 

10 

Phosphate 

21 25 

CD 

Pr-j 

90 

Ca 

^ 20C0 

Supplied by 

Indian Ra,re 

Earths Ltd. , Bombay 

, India. 
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Table 5.2 

Typical Analysis of Analytical Reagent 
Grade Calcium Carbonale'^" 

IiopuT'ity I'laxiniiEi limits of 

impurities (percent) 


Acid-insoluble matter 

o 

o 

o 

Soluble a,lkali 

0.25 ml N/1 

Chloride (Cl) 

0.001 

Nitrate (hO^) 

0 . 01 

Phc sphate ( ?0^ ) 

0 . OC'l 

Silicate (SiC^) 

1 — 1 
O 

• 

o 

Sulphate ( SC^ ) 

0.005 

Ba + Sr 

0.01 

?8 

0.001 

Pb 

0,001 

Mg 

0.01 

K 

C.C05 

Na, 

0.02 


^ Supplied by The British Drug House Ltc . , England. 
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re-mixed and re-pressed either in a 12 . 5 mm or a 9.5 mn 
diameter die . The specimens for the conductivity measurement 
were 2-5 nm thick while those for thermoelectric power 
measurement were 9.5 mn in diameter and about 1 cm in length. 
The re-pressed x^ellets were presintered at 1400^0 for 4 hours 
and finally fired in a zirconia lined nxy -acetylene gas fired 
furnace at a temperature of 2CC0'^C for 4 hours. During 
firing^the pellet.?, of the same composition were stacked one 
over the other and placed on a stabilized zirconia setter 
plate with sufficient amount of powders of the same composition 
as that of the xjellets, in betv/een them to avoid sticking and 
contamination from the setter plate. After firing, the lower 
most pellet of each stack wa.s rejected to reduce contam.ination. 
The furnace was heated from room temperature to 2CCCAC 
within a time iDeriod of 8-10 hours , held there for 4 hours 
and cooled to 1400^0 within 2 hcotrs after which it was sealed 
and allowed t^ cool natirrally. The temperature was measured 
with a lee(^and Northrup optical p 3 /rometer and was controlled 
within + It'^C bj' manual adjustraent cf the flow rates of the 
two gases. ThO^ sani)les containing 1,0, 2,0, 5.0, 4,0, 5.C , 
6,C, 7.C, 10. C and 15.0 mole percent of CaC were prepared 
following the above mentioned procedure. Pure ThC^ samples 
were also pressed and sintered in the same manner. After 
firing, the bulk densities of the sintered sp’ecimens were 
measured to calc'ulate the residual porosity. 
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To measure electrical conductivity as well as 
thermoelectric power, the flat surfaces of the sintered 
pellets were ground and polished over different grades of 
emery paper to remove the surface contaminations as well as 
to obtain flat and parallel surfaces. The cylindrical 

i 

surface was ground with a 80 grit diamond file. The flat 
surfaces of the specimens were finally groiind with 120 grit 
silicoi carbide powder so that the platinum electrodes adhere 
strongly to the pellet. It was earlier observed that the 
platinum paste did not stick to the smooth and polished 
surfaces of the specimens. Thin coatings of unfluxed black 
platinum paste (Engelhard No. 6926) were applied to the ground 
surfaces of the specimens and they Mere heated to about 900*^0. 
The process of painting and heating was repeated until 
electrodes of surface resistance of less than 0.5 ohms were 
obtained. Eorina,lly three coatings were needed to obtain a 
proper electrode. 

III-2. X-RIY STGEIIS 

X-ray diffraction patterns of the sintered and 
powdered (-525 mesh) samples were taken on a General Electric 
XiJ)-6 diffractometer using the instrument parameters given 
in Table 5.3. 
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Table 3.5 

Instrument Parameters for X~ray 
Diffraction Studies 


E-adiation 
Excitation Voltage 
Ix-ray Current 
Beam Slit 

Seller Slit for Incident 
Beam 

Seller Slit for 
Diffracted Be aim 

Detector Slit 

Scanning Speed 

Chart Speed 

Time Constant 


30 S-Y 
15 mA 

30 

Ksdium Resolution 

Medium a.nd High Resolution 
and 0.02° 

2° /min 
l’'/Eiin 

1 sec. to 2 sec. 



ALUMINA THERMO COUPLE 
SHEATH 

STAINLESS STEEL TUBE- 
BRASS FLANGES 




COOLING COILS 


TEFLON INSULATION 
COPPER TUBE 



■i’ig. 5.1* Aluijinp. Tiib-'- Spocinc-n xiolder 
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and through teflon insulation in the cold area. Two platinum 
leads were- attached to each surface of thv: specimen so that 
two probe as well as four probe rjeasurement s could be done 
with the Same set up. For attaching the leads to the 
platinum electrodes on the specimen surface, the ends of the 
two lead wires viere welded in a flaixie and flattened in the 
form of a foil which was pressed .against the specimen 
surfaces. In both the specimen holders 'O' ring seals were 
used between the two parts of the brass flanges and the gas 
inlet was through an alumina thermocouple sheath. 

The zirconia tube specimen holder had the 
a,dvantage tha.t a part of the tube could be used in formxng 
an electrochemical cell to measure the oxygen partial pressure 
prevailing inside the holder. For that, the inside- and the 
outside surfaces of the flat bottom of the zirconia tube were 
painted with platinum paste and tht^ Si'll' developed across the 
oxygen concentration cell, utilizing air as the reference, 
was measured with a high impedance electrometer. However, 
as xvill be discussed later (Chapter IV) the leak rate of 
oxygen through the zirconia tube increases very fast with 
increasing temperature and hence this holder could not be 
used above 900°C except for the measurements in .air atmosphere. 
The alumina tube Scunple holder ha,s been used for constant 
partial pressure measurements over the temperature range of 
600-1400^0 as well as for high temperature isothermal 
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3 easur&_rieni:s with varying oxygen partial pressure, i'or that 


purpose j the oxygen partial pressure of the incoming gas was 
'rcas’ared before it entered the specinen holder, by passing 
the gas through a hot zirconia tube fitted, with two platinua, 
electrodes s.rrl measuring the BMP of the cell thus fomicd. 


The 

noasured with 


a.G. conductance of the snecinens was 
a General Radio 1608-A type iapodance bridge 


with an internp.l frequenej’’ of 
low teuperaturos where the sau 
the platinun lead resist8.nces 


1 KHz. It was tnat at 

pie resistanct-.'S wei'C qeiite ihgh, 
could be neglected end the two 


probe bridge r„Gthod which has been used frcqxxently in earlier 
investigai,t ions 5 g'ave quite accurate results. iicW'jvc-r , at 
higher temperatures, the sample resistances buc-'-iie very low 
and were comparable to the increased value of the- lead 
resistances. Therefore it was necessary to eliminate, the 
lead resista.rj-cc.s for aiccujra,te me,asur<i-:.ent of the sa,mple 
conducta.nce and a techniciue similar to that ox ieur probe 
measurement ws.s used, i'or that purpose two ox the four 


leads attached to the two surfaces of xhe 


speciiO’-n were us .,.-6 


to apply an a.c. voltage of 
leads were utilized for the 
across the specimen with an 


a froouency 1 IlH;:. . Tht rcm.aiuing 
mo^^sur orient of potc.ntial drup 
a.c. V . 'T . V . If. { interne;.! imped -ance 


1 Mi^). The current through the speciiuen was 
mea.suring the potential drop across a stand-ard 
placed, in series vrith the speci.-c n. In 


0 1 1 L. Z'f ' iiie d i.'.y 
rLSistance 
■ . 3 a corapar is on 
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of the resiilts by these two techniques has been iii8,de . It 
hay be noted that aboTe 1000^0 the ncasureirient by the two 
probe technique resiilted in an increasingly lower conductivity 
than that by the four probe nethod . Iheref ore in the present 
investigation the two probe nethod was used only in the low 
tenperaxure range while the four _■ x’obe netiiod v/as e^dopted at 
higher teuiperatur-e s . In practice., the co'uductancc of the 
specimens at ea.ch tempora.ture above 900^'C was nor. sored by 
both the techniques but the values obtained by the two probe 
nethod were not considered if the;,- wore lower than th. se 
obtained by foui’ prebe nethod. 

The specimen holders were heated inside a 
resistance heating fiirnaco and the temperature was controlled 
within + 0.5'^0 by a Leeds .and ihrthrup Slectronax t^'pe 
temperature controller. The ezo.ct tempore, turc -cf the specimen 
was measured by a Pt/Pt-10 7. Rii therm-'ccuple aopt aery close 
to tho specimen ;.’.nd the was i.. oasure.d by o, Leeds and 

Northrup K-3 potcntior.io tor . The tf^chnique used fer th; 
control of oxygen partial pre-ssuxo vrithin the specimen holder 
is discussed in the’ next ch.-pter. 

To obtain better electrical ci.nt.acts between tiie 
pl.atinum electrodes and the lead wrires, freshly lorde-r, samples 
v^'ere first heated directly to, 140C'''C s. that ihe load wires 
became welded to the electrodes. At each teo-pcratitro an:* 
partial pressure sufficient time was allcwed for equilibration. 
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kvIigii the c endue tivity values fer xv/c cense cutivo readings 
at an interval of one hoier remained unchanged;, oquilibriui 
was ass-uEied to have been attained . 

Ill- -4. MSASURlrlsri’ OP THERMOELECTRIC POWER 

Thennoelectric power r.casurer.tents vj-er-^' carried 
■.uit in the aluiina tube specimen holder under various 
partial pressures and tc-mperatures . biiitsred sp'-..' cimonc. 

9 iom diao;eter and abv,ut 1 cu in d ength were used for the 
purpose. Sleetrodod srjeciniens were ireijt pressed against 
the bottom cf the inner a,lunina tube by means of the spring- 
loaded alumina rod. Tu maintain the necessary terxperaturo 
gra.dient , a small platinuta resistai.ice heater was W'. und ',;ver 
the al-umina pressing rod just above the specimen surface. 

A d.c. %’'oltago was applied to the heater fr.::i a c. nst.ant 
current d.c, pow-.-r supply (Ra,rriS'On 6201B). The temperature 
gralient wp,s varied by chn.nging the ciirrent through the 
heater. The temo.urat-ure cf the specimen surfr.ces were 
mortsured hy two Pt/Pt-10 7- Rh th6rm...couplos , the tips of 
vrhich were koi-l poressed against the surfaces of the spx-ecimen. 
A Leeds and horthrup K~3 potentionoxer wa,s u-sed t-o neasuie 
the thermocouple Eil's, The EME ■; '"'■ol'jpeai across the 
specim,.!n was moa.sured by using the pilatiim.-’ leads ;i the 
thermocouples and a Phillips d.c. micro voltraeter ha.ving an 
interval impedance of 100 M ■ The furnace temperature and 
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the oxygen partial pressure within the specimen holder were 
controlled in the same manner as that used during the 
conductivity measurement. At a fixed Pp^ and furnace 
renperature , the thermal EMPs were measured corresponding to 
different temperature gradients of upto 15°C and the Seeheck 
coefficient was calculated as the slope of the straight line 
obtained by plotting the EMF against temperature gradient. 
The sign of the Seebeck coefficient was determined from the 
polarity of the cold end of the specimen. Using this 
convention the sign of the coefficient was the sane as that 
of the charge carrier. 

III-5. SPECII'IBU PEEPARATION POE MBTAlLOlRiiPHIC OBSERVATION 

Sintered specimens were first ground .©ysr..v • 
belt grinders of 1/0, 2/0 and 4/0 grades followed by emery 
papers of 3/0 and 4/0 grades. The ground specimens were 
polished over polishing wheels initially with 15 p and 5 p 
alumina powders and finally with 1 p diamond paste. The 
spocimens were etched with boiling ‘■.'.orthophosphcric acid for 
20-30 seconds. 
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CHAPTER IV 

CONTROL AND D'ISASURBMSNT OP OrfGEN ACTIVITY BY 
ELECTROCHEMICAL OXYGEN PUMP ANP PROBE 

It is customary to maintain oxygen partial 
pressure of a gaseous system at a desired level either with 
an inert gas-oxygen mixture or through thermodynamic equilihrium 
in reactive gas mixtures like H 2 -H 2 O or C0-C02* These processes 
he come cxmahersome especially as they require accurate control 
of gas flew rates. In the present investigation an attempt 
has been made to control the oxygen activity inside the 
specimen holder by an electrochemical method using an oxygen 
ion conducting solid electrolyte (calcia stabilised zirconia) . 

Stabilized zirconia has been used as a solid 
electrolyte to form the galvanic cells of the following type 
with porous platinxmi electrodes. 

p' , Pt/Sta.bilizod/Pt , P^^' 

^2 zirconia 2 

where PI PA’ 

^2 2 

On maintaining two different oxygen partial 
pressures which are within the range of predominant ionic 
c ond uc tion {t. “l)y on the two sices of me ele c xrolyt e j an 
open circuit El® is developed which is given by 
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E RT I ^2 

*open “ 4 P PA 

^2 


( TA-l ) 


Such cells can be used as fuel cells as well as to 

measure the oxygen partial pressure in an unknom system with 

reference to a known (e.g. air with P„ =0.21 atm.). 

0, O 2 

On the other hand if an external voltage (V) is applied to 
the cell, essentially all of the current flowing through the 
electrolyte is carried by the oxygen ions from the cathode to 
the anode while in the external circuit the current corresponds 
to the transport of electron again from the cathode to the 
anode. The electrode reaction at the cathode maj' be 
represented as 


I O^Cg) + 2e' + Vq 


(IV-2) 


The reaction proceeds in the reverse direction at 

the 8.node . 

In cases where the electrolyte shows a small 
amount of electronic conduction, the BMP arises as a. conse- 
quence of the simultaneous migration of ionic and electronic 
defects. Under the open circuit condition, the total current 
carried by the defects is zero and therefore 

J = J + d . =0 

e 1 


or 


J = — J . 5^ 0 at V 

e X ' 


•p 

■^open 
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where J is the current density . 
is given by 


E under this condition 

open 


'■'open 


m + 

4F ion 


In 



(lV-3) 


'The ionic on' :tiie electronic current may be stopped by the 
application of an external voltage given by 


E. 


Stop 


p 

4F 


( IV-4 ) 


Since, t. ^1, comparing eq.uattons (IV-3) and (IY-4) one gets 


S , 4^ B 

stop — open 


Application of a voltage higher than (for t. = 1) 

Opoll 10X1 

causes transport of oxygen from one electrode to the other 
depending upon the sign and magnitude of the net voltage 
across the electrolyte and the phenomenon has heen termed as 
'Oxygen pumping'. The rate of oxygen transport is determined 
by the ionic conductance of the electrolyte , area of the 
electrodes and the magnitude of voltage loss (F^) d.ne to 
polarization at tho electrodes. The pimiping rate is directly 
proportional to tho ionic current passing through the cloctroly 
and is given hy 


I 


pump 


V - 


B . - E 

stop V 

R 

pump 
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where is the net resistance of the pumping cell. 

Earlier, KrSger and his co-workers [41,119,120] 
have pointed out the use of calcia sta.bilized zirconia as an 
oxygen pump. Tuan and Kroger [41] have used a stabilized 
zirconia tube to pump residual oxygen from a streaming mixture 
of nitrogen and oxygen and also measured the oxygen content 
of the purified gas after pumping. Recently Agrawal et al. 

[44] have used a modified electrode arrangement along with 
an electronic feedback control system to keep the oxygen 
content in a flowing Argon gas to a, desired level. 

A schematic diagram of the oxygen pump used in the 
present investigation is shown in Pig. 4.1. The stabilized 
zirconia tube (obtained from Zirconium Corporation of 
Araerica) used for the purpose, was of 22 mm I.D., 27 mm O.D^, 
45.7 mm in length and was closed at one end. Pla.tinum paint 
electrodes were applied to the tube surfaces following the 
procedure described previously (Section III-l). In the 
present investigation, four different electrodes, two for the 
pumping cell and two for the measuring cell, were used for 
the experiment. The flat bottom of the electrolyte tube was 
used to form the measuring cell \daile the side wall was used 
for the oxygen pump. The pumping electrodes were 18 cm long 
and were at a distance cf 5 cm from the bottom of the tube. 

Argon gas direct from the cylinder, was introduced at the top 
of the electrolyte tube with a flow rote of 0.5 to 1.0 c.c./sec. 
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The oxygen content of the gas was controlled by the 
application of a, suitable d.c. voltage from a. constant voltage 
power supply unit (Harrison 6201B). The final oxygen content 
of the gas was raeasirred by the measuring cell electrodes 
using air (out side the tube) as the reference. The gas was 
taken out through a recrystallized alumina thermocouple sheath 
the receiving end of which was kept at a distance of 5 mm 
from the measuring electrode. The oxygen content of Argon 
gas is reduced when the inner pumping electrode is used as the 
cathode and the phenomenon may be termed as ’pumping out’. 

On the other hand by reversing the polarities of the applied 
voltage the ox37'gen content of the gas is increased and it 
may be termed as 'pumping in'. To measure the exact temperature 
of the oxygen probe, a Pt/Pt-10^ Eh thermocouple tip was 
welded to the inner electrode and the BMP was measured with a 
Leeds a.nd Northrup K-3 potentiometer. The platinum lead of 
the thermocouple was used to measure the EIIF across the 
measuring probe with the help of a Phillips d.c, microvolt 
meter, ha,ving an internal impedance of 100 M-TU The electrolyte 
tubo was heated inside a kanthal wire wound resistance furnace . 
The temperature at the centre of the pumping electrode was 
about lOO'^C higher than that cf the probe. Temperature cf the 
furnace was controlled within + 1°C by a Leeds and horthrup 
Electromax type temperature controller. 



74 


Yuan, and KrSger [41] earlier used a three 
electrude system in which the inside electrode was made 
common to both the pump and the' probe and two separ-'.te 
electrodes were made on the outside of the tube. It may be 
pointed out that such an arrangement gives rise to an 
erroneous probe SIIF. 

In the present investigation a four electrode 
system was used in which both the pump and the probe 
electrodes were electrically separated by bare areas of the ■ 
electrolyte tube. Such an arrangement has been recently used 
by Agrawal ct al, [44]. To see the effect of a C', 2 mmon 
cathode during the 'pumping out' operation, the lead wires 
from the pump and the probe cathodes were shorted externally 
and it was observed that there was an immediate increase in 
the probe SMF followed by a slow rise to a steady state value 
which was ‘.slightly lower than the applied pump voltage. On 
the other hand,nc change in the probe SKF was observed when 
the £:.node of the pump and the probe were shorted. It may be 
mentioned that on shorting the inner electrodes, the cathodes 
of the pump and the probe were at the sane potential with 
respect to the pump anode. Thus the probe ce.thode also 
started functioning as an extension of the pump cathode and 
inspite of the complicated cell configuration (?ig. 4.2) sraall 
amount of oxygen tra.nspcrt took place fr OLi. the cathode 

to the pump anode giving rise to polarization effect and 
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Fig. 4.2 Flow of oxygen when the pumping 
and measurinq electrodes afe shorted 
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resulting in a lower partial pressure at the electrolyte- 
electrode interface of the probe cathode. The indicating 
equii^ment of the probe under this condition, neasurod a 
quantity oqual to the sum of the correct probe E?xP and the 
cs-thodic over potential at the probe cathode. With shorted 
cuter electrodes, the probe anode acted as the extension of 
the punip anode (Eig. 4.2). Since the probe anode was in 
contact with the reversible air electrode which did not lead 
to any polarization effect, eventhough there was a snail 
amount of current flow from the probe anode ti the purap 
cathode , the probe EliP remained unchanged under this 
cc.nditicn. 

To investigate the possibility of centre lling the 
oxygen partial pressure to a desired level in a flowing 
ilrgon-cxygen mixture with the help of this electrochemical 
pump, its characteristics were studied under different 
experimental conditions. The EI'IP, which is a measure of the 
oxygen content of the flowing gas, was measured as a 
function of applied voltage ■under a constant gas flow rate 
a,t different pump and probe temperatures. The current 
flo-vjing through the pumping cell ■was also determined and the 
pumping cell resistance was calculated. The results me 
shovm in Eigs. 4.3 and 4.4 cerre spending to probo temperatures 
of 700^0 and SOO'^C respectively. It may be observed that 
the p'ump characteristics are identica-1 for both ’uhese 




FIG, 4.3 


PUMP AND PROBE CHARACTERISTICSAT A PROBE 
TEMPERATURE OF 700 °C 
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temperature of 800 ° c 
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toinperatur es . /.t a very low applied voltage (region I) 

there is an increase in the j-rcbe EMP value with increasing 
voltage, indicating a gradual reuoval of oxygen from the 
gas phase. In region II, the resistance of the cell 
increases while the pumping current as well as the probe 
BMF remain almost unchanged. This is followed by a sudden 
rise in the BJIF value (region III) within an extremely 
narrow range of a.pplied voltage. Bejjond this voT.ta.ge range, 
the current continues to remain constant but the probe EMF 
increases in a gradual ma^nner and the resistance goes through 
a x;eak (region IV). Vhen the probe Ei'IF becomes qu.ite high 
indicating a very low oxygen content in the flowing gas., 
the resistance of the cell starts decreasing (region V) and 
as a result the pumping current increases rapidly while the 
probe EJCF continues to increa.se at almost the sane ra.te a.s 
in region IV, Similar characteristics of an oxygen pump have 
also been observed by Agrawal et al. [44]. The oxygen 
partial pressiure of the gas inside the pumping tube , fed 

directly from the cylinder was measured with the measuring 

—4 —4 

I'-robe and wjis found to be 1.0 x 10 atm. .and 2.0 x 10 atm. 
at the probe temperatures of 700^'C and 800'''C .I’espectively . 

With 3.0 raA of puio.ping current, the partial pressure went 
down to 6 X 10 atm . at a probe temperature of 700 C and 
3 X 10“^*^ atm. at 800°C. The resxilts suggest that the 
extent of purification thet could be achieved by this technique 
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xfas dependent upon the temperatiore of the piwip and the 
probe. To verify the effect of temperature, the cylinder 
gas was passed through the zirconia tube kept at different 
temperatures and the oxygen content inside the tube was 
measured by the measuring probe under a consta,nt gas flow 
rate. The results are shown in Jig. 4.5 in which the probe 
EriP is plotted against temperature. At lower temperaiures , 
the Ei'IF value, as expected from equation ( IV-l) , increased 
with temperature. However, with further increase of 
temperature the curve- goes through a peak at about SoO^O 
followed by a sharp fall at higher tc-mperaturo . The 
lowering of the- probe EJIF shoiild be interpreted as an increase 
in the oxjrgen content of the gaseous s^tmosphere prcvaaling 
inside the tube and may be due to an increased rate of 
owygen leakage through the electrolyte tube at these 
temperatures. In this respect it may bo pointed out 'chat 
the gas flow rate has also an important role in maintaining 
the oxygen content of the incoming gas. The effect of gas 
flovr rate on the probe EMI’ is shown in Eig. 4.6. With 
reduced gas flow rates the probe Ei'IB’ is decreased due to an 
increase of oxygen partial pressure of the inside gas. 

Stsell and E'lengas [121] earlier observed that at a fixed 
temperature the probe BMP increased with increjosing gas flow 
rate and reached an asymptotic value which corresponded 
to the initial oxygen content of the Argon gas. The effect of 



Probe E MF (mV) 


fit 



Fig. 4.5, Effect of temperature on the probe 
E. fvlE at a constant -gas "io'.-v rate 
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gas flow rafo was more promirient for gases wifh. very low 
ir-ifial orygen 00X116111 « j.1 has hesii mexilioiied. [121} 122 ^ 

lhal Ihe charge in Ihe probe E^'IF was due lo Ihe polarizalioii 
effecl al the eleclrode aleclrolyle inlerface resulting 
from a small amount of electronic current through, the 
electrolyte and therefore the question mciy be raised whether 
at a lower flow rate the measured probe EliF' corresponds to 
the average oxygen content inside the tube. However, in 
the present investigation an indirect evidence of the change 
in average oxygen content of the inside atmosphere with the 
gas flow rate , has been obtained by measuring the conductivity 
of some Th0.2-Ca0 specimens as a function of gas flow rate 
within the zirconia tube specimen holder. The results arc 
shown in Table 4.1. At higher f 1 nw rates the conductivity of 
the sample was decreased indicating lower oxygen partial 
pressures inside the tube. 

The leakage of oxygen may be either due to a 
sma3,l electronic conductivity in the solid electrolyte or 
due to mi^iecular diffusion through the fine pores in the 
ceramic tube. However recent experiments [42,43] performed 
under ultra high vacuum and the gas analysis by mass spectro- 
meter showed that the oxygen content inside a hot sirconia. 
tube wras increased due to the oxygen leak through the tube? 
but there was no che-nge of the nitrogen concentration. This 
may be an indication that the leakage is mainly due to the 
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Table 4.1 

Effect of flow Rate on the ConductivitjA Measured in 
the Zirconia Tube Specimen Holder 


Elovr rate 

c . c . /min 

Ppi measured bj/^ 

2 

probe at 800°G 

( Atm . ) 

Conductivity of 

997ThO„ - l%CaO 

a ^ 

specimen (p'o.--) 

80 

3 _ 0 - 4.39 

31.28 

50 

10 - 4.22 

32.56 

15 

10 - 3.74 

CO 

o 

5 

10 - 3.23 

46.42 
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electronic conductivity. Mogab [43] has calculated the 
effect of oxygen leak due to the electronic conductivity on 

the probe EMF a,nd found that it becomes important below 

-7 

10 torr of oxj'-gen partial pressure. 

The shape of the curve of pumping current vs 
pumping voltage shown in Fig. 4.3 and 4.4 qualitatively 
represents the polarization behaviour observed by earlier 
investigators [119,120]. However, any quantitative explanation 
becomes difficult at this stage because the oxygen partial 
pressure and the temperature are not emiforir. throughout the 
length of the pumping electrodes. Prom the probe EilB’' vs 
voltage plot, it may be suggested that in region III where 
the oxygen content of the gas miicture changes dra.stically 


with an insignif leant change in the pumping voltage, the 

control of oxygen partial pressure of the flowing gas at a 

desired level becomes impossible. The extent of Pp jua.p 

2 

— T 2 ^ 

in this region is from 5 x: 10 atm. to 1 x 10 atm. and 

therefore the conductivity of the ThO^-GaO specimens could , 

not bo measured with certainty within this Pp range. To 

2 

obta,in oxygen pantial pressure higher than tha.t of cylinder 
Ai-gon, oxygen was pumped in to the tube by reversing the 

polarity of the o,pplied voltage. The highest value of oxygej 

-3 

partial pressure obtained was of the order of 10 atm. 

Experiments were carried out to test the 
efficiency of transferring the purified Argon gas from tne 
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oxygen pump tc the specimen holders and also to find out the 
oxygen leak rate through the alumina or the zirconia tube 
of the specimen holders. Por this, Argon gas, from 
cylinder , was jjassed througxh the zirconia tube specimen 
holder kept at 700°C, at a constant flow rate of 40 c.c./min. 
and the oxygen content inside the tube was measured by the 
measuring probe. In a separate experiment, the gas was 
pa,ssed through the aluioina. tube specimen holder before 
introducing into the zirconia tube , keeping the temperature a.nd 
the gas flow rate at the same level as that of the earlier 
experiment. The temperature of the alumina tube was 
slowly raised from room temperature to 1400°C and the 
oxygen content inside the zirconia tube was measured with a 
constant measuring probe temperature. The results are 
shown in Table 4.2. At lower temperature's, the Sl^IPs 
measirred during both the experiments are equal but at higher 
temperatures, there is a gradual lowering of the Sinr value 
indicating slow oxygen diffusion through the alumina, tube. 
However the change in the oxygen partial pressure is not 
significant and may be neglected for most purposes. Prom 
this experiment it nay be concluded tha.t the leakage through 
the alumina tube or in the gas transfer line is not significant 
in this partial pressure range. 

To test the behaviour of the zirconia tube 
specimen holder, the oxygen pump '■'•iS connected in series 
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Table 4.2 

Experiments to Test the Leak Rato in the Alumina Tube 


( 1 ) 


Argon from cylinder 


Zirconia tube specimen 
^ holder at 7C’0OC 


Probe temperature 
G-as flow rate 
Probe Ei'-IP 


700 ° 0 

40 c.c./ciin 
150 uV. 


( 2 ) 


Argon from cylinder 


Alumina tube 
spe cinen 
holder 


Zirconia tube 
^ specimen 
holder at 


t 

Aluuaina tube temperature [Probe 

(°c) i 

- . - - ! .... 

t 

BivlF' at 7GC°C ’ 

(nV) i 

- - } 

-log Pj~ 

( atm . ) ^ 

R.T. 

15C 

3.78 

30 C 

150 

3. 78 

6C C 

15C 

3.78 

8CC 

15c 

5.78 

ico^ 

148 

3.74 

TIC 

148 

3.74 

1200 

148 

3.74 

13CT 

144 

3 . 66 

140 0 

140 

3.58 
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vith the holder an-d piirified Argon gas from the pimp was 
passed through it. The probe temperature in both the 
tubes were kept at 700^0 and the EM‘s across both the 
prubes were measured as a functioa of pumping voltage. 

The results are shown in Fig. 4.7 in which the BilP values 
corresponding to the two probes are plotted against the 
pumping voltage. It may be observed that at low voltages 
when the oxygen partial pressure inside both the tubes is 
high, the differences between the two values are small. 
However, the difference becomes quite large in the range 
where there is a sudden rise in the EM' value with an 
insignificant clienge in pumping voltage. The probe BMFs 
become closer aga.in at very low oxygen partial presstu'es 
corresponding to regions IV and V of Figs, 4.3 nud 4.4, 
'The oxygen partial pressure inside specimen holder is 


always more than that at the pi'ucping tube. However, the 
difference is compara.tively smaller excejjt in the range 
corresponding to the region III in Figs. 4.3 and 4.4. The 
difference between the two readings is attributed na.inly 
to the oxygen leakage through the specimen holder tube. 
Since the transition from the high Pq to low Pq does not 


take place at the same pumping voltage it nay be concluded 
that the effect corresponds to a particular oxygen p£.rtial 
press'ure rather than a pum.ping \’'cltage.. Hewever no satis- 
factory explanation of this effect is available at present. 
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iis has been menuioned earlier the zirconia tube 

specimen holder could not be used at higher temperatures 

due to its extremely high oxygen leak rate. Above 900^0, 

the leak rate was such that the P,-, inside the hcld^r could 

2 

not be lowered below about 10 " r. tm. even with the naxinuro 

amount of iDurif ication achieved in the pumping tube. 

Measixrements a,t higher temperatures vrero made in the alimiina 

tube sample holder and the inside the tubt3 was 

2 

measured before the gas entered the tuho . Therefore it was 
necessary to test the a.cciu’acy of such measurements. It 

has been already mentioned that in the high P^ range 

“5 ^ 

(■^10 atm.) the oxygen leakage through the alumina tube 

even at higher temperatures is negligible. To test the 

behaviour of the alumina tube at very low P^ ranre-j two 

Op 

oxygen probes ^ one in the up stream and the other in the 

down stream side , were used in series with the alumina tube. 

Both the probes were kept at 700'"’C. Initially Argon gas, 

directly from cylinder vras passed through the-s 3 ''stem ot a 

constant flow rate and the^ two probe EKPs were measured by 

varying the temperature of the alumina tube . The experiment 

was reocated with highly pure Argon (P^ 1C atm.) 

2 

purified by the oxygen pump. The results obtained from both 
the eyper i n ent s are presented in Table 4.3* Tt 'may be . 
observed that in both the cases the EriP in the prcDe mo. 
does not change significantly with increasing temperature 


2 



91 


Table 4.3 


Results on the Leak 

Test of Alumina 

Tube 

SI'4F at 

Probe ho . 1 
at 700^0 

1 I 

'Alumina tube { 
JtGaperature j 

! (°C) i 

- - ... . -. . 1 

' ■■ ‘ f 

mw at ! 

Probe No. 2 1 

at 700^0 ! 

! 

♦ 

-log 

^2 

( atm . ) 


600 

158 mV 

3.95 

170 mV 

800 

157 mV 

3.93 

(P. = lO"'^'^} 

^2 

1000 

160 mV 

3.99 

1200 

157 mV 

3.93 


1350 

154 mV 

3.86 



800 

930 mV 

19.95 

990 mV 

1000 

930 mV 

19 . 95 

(?Q = 10"^^'^^) 

1200 

920 mV 

19.74 

2 

1300 

910 mV 

19.53 
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of the alxmina tube. This may be taken as an indication 

of the insignificant leak rate in the alnmina tube even 

at very low values and the observed differences between 
2 

the two probe readings ma.j be assumed to be mainly due to 
the lesikage through the second zirconia tube which increases 
with decreasing oxygen partial pressure. 
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CHAPTER Y 

EXPERIMSHTAI RESULTS 


V-1. DENSITY^ X-,RAI AND BIBTALLL-'GR.IPHIC OBSBRYATICN 


The bulk densities of the sintered specimens 
containing varying quantities of Ca'-' have been measured and 
the approximate residual porosity, based on the theoretical 
densiti-es of doped. thoria,has been calculated. The results 
are presented in Table 5.1. The porosity of the sa.mples was 
found to va.ry between 1 .and 5 percent except th.at of pure 
thoria which was comparatively less dense. X-ray diffraction 


patterns of the powdered specimens were taken to find out 
the presence of a^ny second phase in the specimens. However, 
no such phase could be detected in the specimens containing 


up to IC m/o Cav « 


It may be pointed out that the ionic sizes 


of Th"'^ (1.15 1°) and Ca^"^ (l.lC r ) ions in 
are almost equal and therefore the cha,nges in 
parameter could not be detected in uhe A— ra,y 


the CaF2 lattice 
the lattice 
analysis. The 


X-ray pattern of pure thcria. 


taken on the diffractometer, 


is 


given in Table 5.2. 

Some of the typical micro structures of the 
sintered specimens are shewn in Pig. 5.1 ccrresponcing t-o 
(a) 1 m/o, (b) 3 m/o, and (c) 7 m/o CaC specimens, it .ii.y bt* 
observed that there is a marked difference between tiie grain 
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TaTple 5.1 

Density and Porosity of Sintered Specimens 


Specimen 

t ^ f 

t \ 

1 Theoretical 
! density I 

! (gm/c.c.) ! 

t f 

? . 1 . 

r 

1 

Measured bulk ’ 
density ! 

(gm/c.c.) 

? 

t 

Approx . 

Porosity 

{ Percent ) 

’Piore ' TiiO^ 

10.04 

8.94 

11.1 

1 m/o CaO 

9.96 

9.57 

3 . °2 

2 m/o CaO 

9.88 

9.60 

2.84 

5 m/o GaO 

9.80 

9.29 

5 . 21 

4 m/o GaO 

9.73 

3.52 

2.16 

5 in/o GaO 

9.65 

9.49 

1 . 66 ' 

6 m/o GaO 

9.57 

9.44 

1.36 

7 m/o GaO 

9.49 

9.4C 

l.OC 
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Table 5.2 

X-ray Pettern of Pure ThO^ 
Rac'ia.tion; Cul[ 

cc 


! 

2G 

O 

?ikl 

■ \ 

{ Relative 

1 intensity 

1 

J 

27.60° 

3.229 

111 

ICC 

32.05° 

2.790 

200 

40 

45.80 

1.979 

220 

75 

54.35 

1.715 

311 

75 

56.80 

■ 1.619 

222 


66.70 

1.4C2 

4eC 

Iv 

73. 8C 

1.283 

331 


76.15 

1.249 

42v 

2 9 

84 . 8C 

1.142 

-122 


102.35 

■0,988 

4c( 


ICQ. CO 

C . 946 

531 

J 

111.5C 

V .932 

6(0 

15 






(a) 1 rn/o Calciixa O^ide 



(b) 3 m/o Calciaa Oxldo 


xiiotomicrcgraplis cl T'iiCp-CaO Kprcc 
(X300) 


Pig, 5.1: 
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sizes of the various specimens. With increasing CaO content 
the grain size of the specimen reduces drastically. 'The grain 
size changes from 180 p in 1 m/o CaO to 30 p in 7 m/o GaO 
specimen. However, none of these micro structures show any 
evidence of a second phase in these specimens. 

V-2 ELECTRIGll GOEDUCTIYITY 

The a.c. total conductivity of pure Th02 and 
ThO^-CaO solid solutions with GaO contents ranging from 1 to 
15 m/o was initially measinred in air within the temperature 
range of 600-1400°C. The values obtained at various temper- 
atures have been plotted as a function of m/o CaO (Eig. 5.2). 
The relevant experimental data are presented in the Appendix 
(Tables Al.l series). It is observed that at each temperature, 
small additions of CaO sharply increases the conductivity. 
However, the effect becomes less prominent beyond about 2 m/o 
CaO. The conductivity at each temperature goes through a flat 
maximum at about 10 m/o CaO. The variation of the conductivity 
values between 7 and 10 m/c CaO is not very significant and 
therefore the specimens containing a maximum of 7 m/o GaO were 
used for the rest of the experiments. The conductivity of 
'pure' and GaO doped thoria specimens were measured in the 
Pp, range of 1 to 10“^^ atm. at temperatures between 600 and 
1200°C. In Eig. 5.3, the conductivity of 'pure' Th02 has 
been plotted as a function of oxygen partial pressure at 








ICl 


different temperatures. At higlier partial press^ures, the 
conductivity at each temperature decreases with decreasing 

P,-, . The conductivity in this partial pressure range is 

"'2 lA 

found to he proportional to Below a certain value of 

2 

oxygen partial pressure, the conductivity becomes independent 
of pressure and the transition from the pressure dependent to 
a pressure independent region occurs at lower oxygen partial 
pressure as the temperature is increased. The conductivity 
curve reaches its plateau at a partial pressure of 1C atm. 
at SoC'^C and the value decreases to IC”^^ atms. at 12CC°C. 

Similar plots of the logarithm of conductivity vs. 
logarithm of oxygen partial pressure at different temperatures 
have been made for Thl^-Cao solid solutions containing 1, 2, 

3, 4 and 7 m/o GaC and are shown in Figs. 5.4, 5.5, 5.6, 5.7 
and 5,8 respectively. The corresponding basic experimental 
data are given in Appendix (Tables A2 series). The hehaviour 
in each case is very similar to tha.t of 'pure’ ThCg. The 
conductivity value at any fixed oxygen partial pressure 
increases steadily with temperature as well as with the 
impurity content. The slopes of the curves in the pressure 
dependent region s.re different at different tecpcraturc-s . In 
most cases the slope of the line decreases with increasing 
temperature for a given composition as also with increasing 
GaC content at any temperature. The horizontal portion '-f 
tiie conductivity plot extends uptc a higher oxygen pressure as 




o 










'f. 
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the CaO content of the sample is increased. In a 7 m/o GaC 
sample which shows the highest conductivity throughout the 
pa.rtial pressure range , the transition from a pressure 
dependent to a pressure independent conductivity takes place 

-4 -8 

in the range of 10 - 10 atm. at almost all the temperatures 

studied -(Fig. 5.8). At 1000 and 1200°C, except for 4 and 7 
m/o CaO solid solutions in which the transition takes place 
above 10 ^ atm. (Pigs. 5.7 and 5.8), the figures include some 
experimental points between 10“ to 10“ atm. of oxygen- 
partial pressiire which lie above the pressure independent 
portion of the conductivity curves. This is due to an 
experimental difficulty in controlling the oxygen partial 
pressure in this range. 

It has been mentioned earlier that the high 
temperature conductivity measurements were carried out in 
the alumina tube specimen holder in which case the oxygen 
content of the flowing gas was measured before it entered the 
specimen holder. It was observed that the oxygon content 

Tiot 

inside th'e tube coiadZbe measured accurately in the pextial 
presSTire range corresponding to the region III of Pigs. 

4,3 and 4,4. ' Similar to the behaviour of zirconia tube 

specimen holder (Pig. 4.7) tke oxygen content inside the 

“6 

alumina tube remained constant at around 10 atm. even 
when the oxygen content inside the pumping tube as sno^m bj 
the measuring probe was reduced to a very low value. Eoi/ever, 


1C8 


a sudden lowering of inside the altmina tube was observed 
when the oxygen content in the pumping tube reached a certain 
critical value (around 1C atm.). As a result, the oxygen 
content inside the aluir-ina tube did not correspond to the 


-6 


measured probe EtlP between 10“° to 10~^® atm. of oxjger^ 

partial pressure. However, beyond these limits the P„ inside- 

rs 

the alumina tube xfas very close to that measured by the 

measuring probe. This was verified by measuring the conductivity 

of a ps,rticular TliO^-CaO specimen at 800°C as a function of 

?- inside both the alumina and the zirconia tube specimen 
2 

holders. The conductivity of the specimen inside the alumina 
tube was found to remain fixed at a value corresponding to 
= lO”^ atm. wiien the P^, in the pumping tube was changed 

^2 _5 no ^2 

from 10 to 10 atm. But it suddenly changed to a lower 
value corresponding to the conductivity of the specimen at 
800^0 as measured by the zirconia tube- specimen holder, when 
the in the pumping tube was lowered beyond this limit. 


0 , 


Similar effect was observed in the plots of log oT vs -log P 
at 1000°C and 1200^0, However, it was not detected in the 

Sfonples (4 and 7 m/o CaO) for which Pq independent plateau 

S ^ 

was reached above 10 atm. 

To see the effect of composition on the conductivity 

values, the data presented in Pigs. 5 -3 to 5»8 havc- been 

replotted in Pigs. 5.9, 5-10, 5.11, 5.12 and 5.15 irx which the 

log cr vs —log Pp curves corresponding to various compositions 
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have been reproduced for fixed temperatures of 600, 685, 800, 
xOOO and 1200 C respectively . The variation of the slope of 
the curves in the pressure dependent region, as a function of 
CaO content, is evident from these figures. The slope 
decreases from 1/5 to either 1/7 or 1/8 (depending upon 
temperature) as the CaO content is increased, along with a 
shift of the transition region towards the higher partial 
pressure side . 

Ionic transference numbers (t. ) for 'pure' and 

doped samples have been calculated at different oxygen partial 
pressures and temperatures following the procedure adopted 
by Lasker and Rapp [52]. These results have been plotted as 
a function of oxygen partial pressure in Figs, 5*14 and 5.15 
corresponding to various temperatures. Under a fixed 
partial pressure and temperature the value increases with 
increasing CaO content. The transference number becomes unity 
when the conductivity becomes independent of partial pressure. 

At 1000°C 'pure' Th02 becomes fully ionic below 10 atm. 

—8 

while by addition of 7 m/o 'CaO the value goes up to 10 atm. 
At 800°C the corresponding values are 10“ and 10 atm. 
respectively. 

To determine the activation energy of the 
conduction process, the conductivity of ’pure’ thoria end 
ThO^-CaO solid solutions has been measured as a function of 
temperature between 600-i400^C under fixed oxygen partial 





Ionic transference number( 



0 2 4 6 8 


-log POTCatm) — - — — ► 

FIG. 5-15 IONIC TRANSFERENCE NUMBERS OF Th02-Ca0 
SOLUTIONS AS A FUNCTION OF OXVGEN PART:Al 
PRESSURE AT 1000 °C (o') & 1200 °C{d 
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pressures of 10^- (oxygen), 10-°-'^ (air), 10‘5 and 10-23 
and the res'ults ore presented in Figs. 5.16 to 5.19 in unich 

ArrLerLn.us-type plots oi log cT vs l/T ha^re been made as a 
fimction of CaO content. The basic experimental data are 
giv^en in the Appendix (Tables A3, series). It may be obsorv.ed 
tha.t the straight lines having different slopes a.re obtained 
in dixferent temperature regions. In each region, the 
activation energy was calculated from the slope of the 
straight line which was fitted to the experimental noints 
by a least square method. Table 5*3 gives a complete list of 
observed activation energies under different experimental 
conditions. The error limits of the calculated activgtion 
energies ^'rere found to be + 0,05 ev . At a very low oxygen 
pnxtial pressure (10 atm.) where all the specimens may be 
considered as exclusive ionic conductors, throe distinctly 
different temperature ranges having different activation 
energies are evident (fig. 5.19). The activation energy is 
the highest in the intermediate temperature range -^Aiilc it is 
lower both in the low and high temperature regions. The 
activation energy in the low temperature region decs net 
change significantly with the CaO content of the specimens. 

It varies between 0.96 ov to 1.06 ev in this temperature range. 
However in the intermediate temperature range, the activation 
energies for the highly doped specimens (containing 3-1 m/o 
CaO) are lower compared to that of ’pure' thoria as well as 












Activation Energy of Conduction Under Various Experimental Conditions 
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those with lower dopant concentration (l-2 m/o CaO). The 
activation energy of 'pure' thoria in this range, is 1.80 ev 
and a value as high as 1«90 ev is obtained in 1 and 2 n/o GaO 
specimens. However with increasing CaO content the value 
decreases to aroimd 1^6 ev. The activation energy in the high 
temperature region varies between 1,12 ev to 1.42 ev but 
does not folloviT any definite trend with the variation of CaO, 

The temperature corresponding to the change over 
from tne intermediate temperature range to either low or high 
temperature region changes with CaO content. In both these 
cases the transition temperature decrea.ses with incree.sing 
CaO content. Table 5.4 gives a list of such transition 
temperatures in samples containing varying quantities of CaC. 

In 'pure' ThO^, the low temperature break occurs at 900'”'C 

but in a specimen containing 7 m/c the corresponding temperature 

c 

is o50 C. Simila,rly , the high temperature break occurs at 
1200 '^C in 'p:ure' thoria and at 950^0 in 7 m/o CaC specimen. 

It may be noted that the activation energy of 
conduction in the different temperatu]:'e ranges varies in 
different ways with oxygen partial pressure and therefore the 
shape of the log aT vs l/T plots also changes accordirigly . 

The effect of on the activation energy of specimens of 

different compositions may be observed in Figs, 5.2C to 5*25 
wiiich the data for a -particulsr compesitien obtained from 
Figs. 5.16 to 5.19 have been reproduced with various oxygen 
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Table S.4 

Transition Temperatures at 10“^^ atms. 


Int c rrae d ia t g -Low 
t ompe rc ture re gion 

(°G) 


Piare TliO^ 

1200 

900 

1 m/o GaO 

1100 

770 

2 m/o CaO 

1030 

770 

3 m/o CaO 

1000 

720 

4 rn/o CaO 

950 

700 

7 m/o CaO 

950 

650 


Composition 


High-Intermediate 
temperature region 

(°C) 



c.n 
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partial pressures. The effect of Pp on the high tenperature 

2 

activation energy is insignificant compared to that in the 

intermediate and low temperature ranges. In the intermediate 

temperature i-ange the activation energy in each of the 

specimens increases to a great extent vrith decreased oxygen 

partial pressure, \vhile the high temperature brea.k in the 

log cT vs 1/T plots for each of the specimens was observed 

at each of tho oxjrgen partial pressures, the low temperature 

break x-zas not present in the highly doped specimens (containing 

more than 2 m/o OaC) except at the partial press’are :i 1C“^^ 

atm. On the other hand 'pure* thoria specimen shows the low 

temperature break at each oxygen partial pressure alth:ugh 

it tsikes place at different temperatures. Tho-; activate :n 

energy in the low temperature range (whenever it is observed) 

is fcimd to be strongly pressure dependent but contrary t: 

the,t in the intermediate tempoerature range it decreases 

with decreasing . It is interesting to note that the hitli 

2 

temperature activation energy is always less than that in the 
intermediate temperature range while in the low tenp'eratin'c- 
ro.nge it maintains a different relationship with that in the 
intermediate temperature range (Figs, 5.20 and 5.21). At 
high partia.1 pressures, the low temperature activation energy 
is higher than that in the intermediate temperature rar.g,e 
but with decreasing oxygen partial pressure the ti'cnd is 
reversed and the low tempierature activation omrgy becomes 
less than that in the intermediate temperature raona. 
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Y-3> THEflMOEIBCTRIC POWER 

As a supplement to the electrical conductivity 
data, thermoelectric power raeasurenents were carried out 
cn a few of the samples, Seebeck coefficients of the lowest 
conducting 'pure' thoria and the highest conducting 7 n/o 
CaO specimens were measured in the temperature range cf 
6OO-l;OC0^C under fixed oxygen partial pressures. At each 
temperature and Pq , the EMFs across the specimens were 
measured with va-rious temperature gradients and the Seebeck 
coefficient was ca^lculated from the slope cf the straight 
line obtained by plotting the EMF against temperature 
gradient. A set of such plots are shewn in Fig, 5.26. The 
Seebeck coefficients obtained xmder various experimental 
conditions are presented in Fig, 5*27 in which Seebeck 
coefficient values have been plotted against temperatui'e for 
two different compositions and partial pressures. It may 
be observed that the Seebeck coefficients in both the samples 
and partial pressures increase with increasing tempjerature 
esp^ecially in the low temperature range. However in most 
cases, a maxirium value is obtained between 800-9^0 C. The 
drop at the high temperatures is net evident in all cases 
due to .the limited data available. For eadi cf tne sai..ples 
the Seebeck coefficient is smaller at lower oxygen pjortial 
pressures. At a fixed partial pressure,? mi/o CaC specimen 
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shows low6!r va-lii© ■fclia.n 1113.1 of pure Ihcria, A1 a very low 
“•2 '5 

Pp_ (lO ala, ) Ihe Seebeck coefficient of 'pure ' thoria 
was exlremely snail and therefore could not be measured 
with certainly. However, in the 7 n/o CaC specimen it was 
found to be C.25 mV/°K. 
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GHiJ>T3fi VI 


Discassia'i 


VI -1. 131301 lOTHUC'TUitB 

Tc detorriine the defect structures frcii; the 
conductivity . data , it is custc-:ary to write the possible 
defect reactions under different expcri'-icntal conditions, 
derive the P, . dopondence of conductivit 3 '' end cc_.po.re the 

d. 

observed pressure dependence with the predicted voriation. 

'This has boon done for 'pure ' thcria and thoria doped 'wd-th 

trivalont cation impurities by earlier investigate rs [52,87 

and the probable defect structure has been postulated. 

Based on the principles describ'-'-d: in Chapter I to cUrive th 

pressure dependence of defect concentrations in hd^ tj pc 

oxide having onti-Prenkel disorder, the defect concontratic 

in 'IhC -Cal solid solutions in different I ranges "lay be 
2 2 

calculated in the following way. 

Substitution of io^ns by Ca”"^ ions results 

in an overall charge of -2 per each impurity cation site 
(Ca^T^^") :ond therefore assuming an rnti-lrcnkel typo defect 
model, the neutrality condition nay bo wri*:^'. m ms 


[h‘] + 2tV7] = [e'] + 2[C"] + 2[0aj,^;'j 
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As in the case of solid solutions, the concentra- 

tion cf oxygen vacancies in a CaC doped Th. ^ lattice will b 
nucli greater than that of oxygen interstitials i.e. 

[” 77 ] [7 7'J and therefor 5 the d..foct concent rati on is 

chiefly doternined by the concentration of the inpurity 
io^ns. In the internediate oxygon p-^rtial pressure ran_.e, 
where ionic defect coropensation tales place 


[T'] = ..vi- 

and in the high 1,- rango whore tl'.c electron h-.les ar;. the 

2 

predcainant defect 


[h'] 




vl-3 


However, in the 
remains as 


low P ra,nge the 
'■ 2 


neutrality ccriditi n 


[c] = 2 [y;-] 


(VI -4 


Equations ( 1-6 ) to (1-13) nre still voAic i'vr 
this system and therefore, applj’ing the a.bcvc nenti..n:o 
noutrsLlity conditions, the variation of the inoi - ^ 0 . 010 ^- 
dofect ccncontra.t ions may bu calculated as n. ’.uncti, o .i 
oxygen partial p;^6ssure in the three difiorcv..t ^ i.-c f . •. 


It may be a-sstmed tha.t 




[Ga] 


T 


[G^ 


clv 
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where [0'.?,]^^ is 

uliG "bcts^l ii'UihbGr ji CG^lciim ions* 


At high P, rr,n 

' 2 

'^0 % 



[h‘] = 2[Gayh”] = 2[Ca]^ 

( YI-6 ) 

and 

[o'] = K 2 / 2 [Ca]^ 

(Vl-7] 

[v;-] 

p-1/? 

Kp ' 2 

(71-8) 

and r • "i 

-Jl pl/2 

4[Ca]^ '•■2 

(71-9) 

at intermediate 

P,- range : 



[vr] = [Ga]. 

V. JL 

(Pi-lC } 


[2i”] ^ V[Oajp 

(VI-11) 


[W] = (^“='■4^-2 p/4 

^ '2 

(71-12) 

and 

E. 1/2 . /. 

[=’] = (um;) 

(’7-13) 

At low P. . range| 

^2 



[e'] = 2[V/j 

(Vi -11) 

& 

tt 0 

[T/] = (K^/4)^/3 j-l/S 

^ 2 

(71-15) 
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uia 


[o'] = 

[k'j ^ 

[C9’] 


2 


2 '* •2 


= i:,(4A:,)1/? 

— r ^ o 


(VI-16} 


(VI -17) 


(VI-IS) 


The grai:hical roprosontation cf the aheve rcsalts 
is siioi'jn in Pig. 6.1. It may ts rexticnod that unlike tint 
in pure ..nidos (Fig, 1.2a) the concentration of oxp'gon 
vcicanciGS and interstitials in the intornediatc I- range ■ f 
Fig, 6.1 .arc not equal. The concentration f oxygen 
vaco.ncics is ’".uch greater than that of interstitials and is 


indeooridont of x- , At the high IV range, the hoi:: ccrccn- 

'2 '2 

tration in a doped cxidc is independent of P,-, while 

'2 „,l/4 

in the nixed conduction region it is prcporti-.-nr.l ti. i- 

' 2 

Therefore fren the above analysis it is c-xpoctod that in 
the nixed conduction region on the high Pr, side, the liol.' 

- l /'"2 

c.- nductivitv will be proportional to !'• anu a pl.t -.i lv.g < 

' 2 


vs leg X will yield a aiujj 
^ 2 


slope of 1/4. However, in the 
"resent investiga-tio-n the slcpe was i .und. t^. do 1/5 
fO'r 'pui'o' tho-ria at all tunj'erature s (lid* 0*5/ .iX*. xt 

varied botwoen l/5 etid l/8 in Oai -doped Th. g Sj.-oci;,.ons 
d.epending upon tliO tenpera-ture and Oav c?ntenu. , 

Bromsky a,nd Tallan [87] also abtaiiocd the l/o uoSti..^x 


do pond once an 'pure 


Th(. 


:t Iv ^ •«' ''C . Those re sinlti 
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therefore, si^ggesjt a defect model different from what has 
been discussed above. 

It may be mentioned that the 1/5 pressure dependence 
moy be expected on the basis of a defect reaction 


02(g) ir=^ "'^Th'”' (Vl-19) 

where predominant defects are fully ionized metal vacancies a 
electron noles and the charge neutrality condition is 
represented by 


(VI-2G} 

The reouction constant of equation (VI-19) is given ba^ 

and tho concentr.ation of holes by 

[h*] = (''^1-22} 

0 ^2 

Wliile equation (VI-22) accounts for the obseived pressure 
dependence in pure thoria.this model requires the presence 
of thorium va.cancies for which there is xio experimental 
;.-vidence (e.g. density measurement). On the- other hand, 
based on a detailed analysis of the cxporimontal results 
obta.ined with ’pure’ thoria, Bransloy'’ and Patlla.n [ 37 j have 
pointed out that the observed l/5 dependence may 00 cxpectr-c 
from the defect eodel b8,sed on anti-Pronkel disorder as 
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proposed ly earlier investipatore . lor this, they have 
calculated the pressure dependence of total conductivity 
instead of hole conductivity and assuniod the presence of a 
small amount of a trivalent cation impurity and also assvjned 
that the oxygen interstitials are the predominant defect in 
the high oxygen xoartial pressure range. The charge neutrality 
condition, therefore, is 

[h’j + 2 [ 1 q] - + 2 [ 0 ^"] (V1--23) 

where is the concentration of the impurity ion. 

Based on this neutrality condition it may he shown [87] tKat 


S L^JvT ' J 


= X + 


p [ (1-x) + [(l-x)“ + y]" 


(Vl-24) 


wb e re 






and Y = 16 Kp[Pj 5 '] 


(71-25) 


The pressure dependence of beeii calcu3.at3d as a 

function of Pp taking arbitrary va,lues of p end y and it 
has been found [S7] that decreasing value of y (i.:-, increasing 
impurity content) shifts the curTje towards the ‘lighc-r pcrt^iel 
pressure range. To compare the cxporimcntal results, tn.. 


observed values of obtained in the p'rosem 

X 1 QXi 


Lnv:' stiyati.on 


for 'pure ' and CsiO doped thoria specimens xiav 




Tel 




as a function of Pp^ (J'ig* 6.2). The dashea curve an tn. 

^2 
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figure is a reproduction of tljo theoretical pressure 
dependence calculated by Bransky and Tallan [87] for transi- 
tion from pressure independent ionic conduction to 

L' ^ 

h: 

dependent hole conduction, to which they fitted their 
experimental data on ’pure ' thcria. It is interosting to 
note that the slopes of the experimental curves of tlic present 
investigation fit quite well with tiicit of the calculated 
one. As expected, with increasing CaC content the curve is 
shifted to a higher partial prossuT'c range because of the 
fact that with increasing impurity content the x'-alue of Y is 
decreased according the equation (71-25). I'he exporimental 
curve for 'pure ' ThO^ at each ?p is above the calculated one 

c. 

indicating higner hole conduction in the present sajiiple than 
that of Bransky and Tallan [87]. Ihis may be duo to the 
presence of sufficient quantity of Fc ( ua 90 ppm) in the 


starting thoria powders used in the present investigation and 
thoxufore increased, the electronic conductixdty of uhe 
specimen-, . 


Based on their aii-r.lysis, Bransky and lallan liev- 
pointed out that the predicted 1/4 pi'cssure dependence in tie- 
impurity controlled mixed conducticn region rvy; not tu 
observed unless 

the maximum va,lues of c^/c. ebteinee with 'pe;r>- ’ ThC 


1C. In the 

prcGornt iir 

obtained 

>7itXh 

ion 


between 10 

fxrd yd (dep 


different temperatures are botwee: 
temperature). However, the nunbri ci .xpcramcntal points 
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satisfying the condition >. lO ore iiisuiiiciont tc 

observe the characteristic pressure dcp.-ndcncr. of 1/4. 
Ciiiiiilar '-'.rgurcents can bo ricid-o for L'aC — (icC'Cc'. i'‘Tac‘ia-^''PS 


± or i';hich the Liaxiinuxo. values or are OiUch lc;ss (be 

e ion 

0 '^.nd 10 ci.epeno,ing upon conposition and. teinu'', ra,ture ) th.''„n 


that of 'pure' TI1O2? inrlic^.ting fr t th-: ^-.xp rin rit-' 1 
pressure range is very much within tli. transition zone and 
uhe observeo. linearity v/ithin c n.arrow f .. rari..:-'''' dc'^c-s not 

^'2 

correspond to the characteristic prcccurc dej ..ndecicc . The 
variation In the observed slopes c.vc not due to the difierc-r.t 
defect structuro but arises d’oe tc tne difiorinv exp erinient-al 
conditions . 


VI-2. TRAESPEREhCB ITulIBEB. 

The ionic transference number 01 IhO^-CaO 
electrolytes in the mixed condtiction r.gion map tc ci’irossed 

£. S 


t . 


ion 




a . 

ion 


■f O' . 


-Oil 


2 jej p.lCsC] 


jej [GaC]"^' +2 'e! u,.rCaC 


1 


,niT7r 


1 + 15^-^ [CaO] ^ 


( VI -26 ) 
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'il's. 5.14 siir; 5.15 i.t as 


VIC. -aril 


that t. increases vj 
ion 


decreasing 'lure' thoria 160011168 fully ionic belovi ^ 

P&.rtial pressure of 10 -'itn. at 1000*^0 coirpareo tc 

.p-lO , , „ . , ... 

10 atk' . obt.unec by earlier investigators. This is 
enpecteo. j.rom the higher impurity concentration in the 
present material especiall.y the presence of 9C ppm of Ih; 
which is knom to contribute to the electronic conductivity 


of the material. 

Is expected from epufotion (VI-26); additicix cf 
CaO increases the ionic transference number at oacL Pp o.iid 
therefore improves the olo-ctrolytic behaviour of- the solid 
solution. By siddition of 7 m/o CaC , the c endue tiviti" 01 the- 
solid solution becomes fully ionic below about 1C”° to 1C“'' 
atm., depending on temperoturo and may be considered -as a 
useful solid electrolyte below this partial pressure rargo. 
It ma 3 / be pointed cut that yttria doped thoria elccT-rolytes 
are also useful in the same partial pressure range . 'The 
bounds,rics of the electrolytic domain on the high side 

for pure and 7 m/o CaO doped tnoria specimens as obtained in 
the present investigation, are shown in Fig. 6.3 along wjiei 
those of yttria doxed thoria clcctrclyt«:>s . 


VI-3. IONIC COEDIJCTIVITT 


Assuming that the mobility of the deieco is 
independent of its concentration, tne ionic ecneuotax^it^ 



log Po 



6 7 8 9 10 li 


1/T X 10'^(°K“' ) ► 

FIG.S.3 HIGH PRESSURE BOUNDARY OF THE ELECTROLYTIC 
DOMAINS OF Th02 BASE ELECTROLYTES 
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liiC^-CaO solid, solution is expressod os 


^ion = 2 jei ^x^[Vq] 


2 i c! u [rjr.; 


(VI-27) 


which shows that is proportional to [CaO]. In hi,,. 6.4, 

log ionic conductivity of ThO^—CaC oloctrolytes has boon 
plotted 3,gainst percent anion vacancy OvS vjell as nol^. purccnt 
impurity concentmtion, a,long with that of ThO^'-YC-, 

ct 1 . 0 

olectr olytos obtained by different investigators. Lb 
expected, the conductivity increases with incriosing CaC^ 
content. The conductivity^ of pure thoria obto.inod in the 
present investigation is lower than that obtained by the 
earlier investigators andZ-probably due to the lower density 


of the specimen used in the present investigation. A 


:wcr 


conductivity may be expected in a purer sample, but it is net 
tho case in the present study. Cn the other hand, the 
conductivities of the 'Th 02 -Ca 0 solid solutions arc hio.hcr 
tho.n the corresponding values obtp.inod by Steele and 
Alcock [49] and are very close to that of ThC^-YO., - 
electrolytes measured by the same investigators. the 

conductivity values of ThO^-YO^ ^ electrolytes men.S’urcd by 
Bauerle [54] arc much higher than that measured tv iith=..r 
Lasker and Rapp [52J or Steele and Alcock [^9]. an the 
present investigation the ionic conducti'S'itxcs wore z.ot 
determined beyond 7 m/o GaO content. However, ircm Thv. 




% Anion vacc 
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conductivity values obtained in air (Pig. 5.2) it is expected 
that a slightly higher ionic conductivity may be obtained at 
aroxmd 10 m/o GaO. At higher concentrations the lowering of 
conductivity in both the systems may be attributed to the 
decreased mobility of the defects mainly due to impurity 
defect interactions. 

It may be observed in Fig. 6.4 that thr ionic conduc- 
tivities of Th02-Ca0 electrolytes are in general slightly lower 
than the corresponding values in ThO^-IO^ ^ electrolytes. The 
lower ionic conductivity in Th02~Ca0 electrolytes may be 
explained on the basis of impurity -vacancy interaction. In 
CaO doped samples, the impurity sites have an overall charge of 
—2 whereas in YO-, j- doped specimens it has only one negative 
charge. However, oxygen vacancies have two positive charges and 
therefore in OaO doped lattice the impurity vacancy interaction 
is stronger than that in YO^ ^ doped lattice. Moreover, the 
defect pairs in ThO^-CaO specimens arc neutral and hence do not 
contribute to the electrical conductivity. Another probable 
reason for higher conductivity in ThO^-YO^ ^ electrolytes coiild 
be the larger difference between the ionic radii of the impurity.- 
and the host cations (Y^"^ = I.07 A° , Th"^"** = 1.15 A° ) . The 
ionic radius (l.lO A°) is relatively closer to that of Th^"^ and 
therefore ThO^-CaO lattice is more densely packed than that 

of ThO^-YO^ tr and the movement of ions becomes easier in the 

2 1.5 

latter system. Such argxmients have been earlier used by 
Tien and Subbarao [IO8] to explain the conductivity behaviour 
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of ZrO^-CaO specimens. 

To verify the dilute solution model in ca.se of 
solid solutions, log has been plotted against 

logarithm of CaO concentration and is shown in Fig. 6.5. 

As expected, straight lines were obtained at different 
temperatures.. At each temperature, the line is extrapolated 
to the ionic conductivity of 'pure' thoria and the corres- 
ponding CaO content has been determined. It has been found 
that the impurity content in the 'pure' thoria specimens is 
of the order of 0.1 to 0.2 m/o. This is in agreement with 
the chemical analysis (Table 5»1) which shows around 2000 ppm 
of Ca in the starting thorium oxide powder. 

VI-4 GRAIN BOUNDARY CONDUCTION 

It has been observed in the present investigation 
that the activation energy for ionic conduction in both 'pm'e' 
and CaO doped thoria specimens decreases in the lew temperature 
region relative to that in the intermediate temperature region 
(Fig. 5.19). This lowering of activation ener^' may be attri- 
buted to the grain boundary effect. 

In a polycrystalline material, grain boundaries 
are crystallographically disordered regions and have h:i,::h>;r 
energies than the inside of the grains. The jump frequency 
of any atomic specie vhthin the grain boundary r nil on is an 
order of magnitude higher than that within the grain and 
as a result the diffusion through the grain boundaries is 
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much easier than diffusion through the bulk. Enhanced 
oxygen diffusion along grain boundaries or dislocations has 
been observed in a number of oxide systems such as Al^O^ 

[123], MgO [124,125], Fe 203 [126], CoO [127], SrTiC^ [128] etc. 
The activation energy for diffusion through the grain bounda- 
ries is lower compared to that through the bulk. However, 
since the volume of the grain boundary region is much smaller 
than the bulk volume, the grain boundary contribution becomes 
significant only at lower temperatures. Similar effects of 
grain boundaries on the electrical conduction have been 
observed in ionic conductors like alkali halides [129] and 
CaO stabilized zirconia specimens [ 13 O] . The observed grain 
boundary activation energy of 1.0 + 0.05 ev in the present 
investigation is very close to that of 0.96 ev obtained in 
calcia stabilized zirconia specimens [ 130 ]. 

It may bo noticed in Fig. 5.19 and Table 5.4 that 
the effect of grain boundaries becomes observable at lower 
temperatures as the CaO content of the specimen is increased, 
indicating that the addition of impurities increases the con- 
ductivity of the bulk more sharply than that of the grain 
boundaries. This is in contrast to the fact that grain size 
of the specimens decreases with increasing CaC content (i'ig. 5.1). 
However, it may be mentioned that the defect ccncentration at 
the grain boundaries is much higher than that of the bulk 
a,nd the conductivity in this region does not follow the 
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dilute solution model i.e. tlie motility of tiio defect is 
lowered at high defect concentrations, Therefore the effect 
of impurities is less prominent at the grain boundaries than 
in the bulk. It may also be mentioned that either with 
increasing CaO content or increasing the total conductivity 
of the specimens is increased and therefore the effect of 
grain boundaries becomes prominent only at lower tempera.tures 
(Figs. 5.19 and 5.20). 

Vdiile the effect of grain boundary is quite distinct 
at lower oxygen partial pressures where the samples are fully 
ionic conductors and the conductivity values are relatively 
lower 9 it is not so at higher pressures where- the samples 
are predominantly electron hole conductors. It may be observed 
tha.t between pure oxygen and 10 atm. of oxygen partis.l 
press’ore , the samples containing higher amount of CaO do 
not show any change in activation energy in the low tcmp€:rature 
range (Figs, 5.16 to 5.18). On the other handj pure ThO^ and 
1 m/o CaO sample show an increased activation energy comparc-d 
to that in the intermediate temperature range. A similar 
behaviour has been observed in pure ZrCg by Kumar et a.i. [Ifl] 
who plotted electronic conductivity against l/T , and obtained 
a higher activation energy of 86 Kcal/molc below 700 u 
compared to 30. 5 Ivcal/molo above this temperature. It may 
be mentioned that the activation energy for movc-ruont of 
eleciron or electron holes through the gram bounctunes —s 
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expected to te higher than that through the hulk 'because 
the grain boundaries can act as effective scattering centres 
for the free electrons due to their highly disordered nature. 
The effect of grain hoimdaries is predominant at low temper- 
atures and therefore it increases the activation energy for 
conduction in this temperature range. In case of samples 
having higher percentages of GaO, not only the overall conduc- 
tivity is higher but the ionic transference number is also more 
£„nd therefore it becomes difficult to observe such changes 
in activation energy in these samples. 


YI-5. AOTIYATIOl EKBRGY IN THE HIGH AlH) INTEKI'-IBIIATE 
TEMPERATURE REGION 


In the low temperature range the activation energy 


for conduction was found to he either lower or l'ii.^her bhan 
that in the intermediate temperature range depending on thu 
partial pressure. On the othei' hand, the activation .^n^-rgy in 
the high tempera.ture region is observed to he lower than That 
in the intermediate temperatures range for each of the oxygen 
partial pressures and compositions studied (IifeS. 5.16-5-19 end 
Table 5.5). The change in activation energy is comparatively 


more distinct at the lowest value where 

2 

he considered as exclusive ionic conductors. Ea 
on ’pure' ThO^ [87]. pure HfO^ [96] and yttrir d 
specimens [87] showed similar behaviour at nigh 


samples may 
riior studio 
opec thoria 
oxygen 


s 


However . Branskj^ and 




r.n [87] hr. 


partial pressures. 
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obs 0 r'VGd "btLa u a.i. low (ionic conduction region) the 

activation enort:;y at hi£h temp,.raturc rang-e is higher tiriaai 

that at intermediate temperatures. 

In the intermediate and high tomp‘-raturc re.ngr s , tiic 

activation energy for ionic transport- in 'pure' rvod 

in the present investigation is quite high compa.red to that 

obtained by earlier investigators, as shown below; 

High Temperr'.t'ar j Interm-.diate ratur-., 

HigH Pq 0.77 [87], O.y? [Pl 0.98 [87], 1.30 [Pl 

2 

Low P^ 1.17 [87], 1.2B [P] C.89 [87', l.SO [P] 

[P] represents present inv. stige tiou. 

In the I'hO^-CaO specimens, the actie^aticn energies 

iii the high temperature range for different P^ and compositions 

2 

varj^ between 1.0 and 1.4 ev while in th int.',rmc r ierc temper- 
ature range the values are 1.30 + 0.1 ev in air -'ud 1.75 + C.15 ev 

at a Pp^ Table 5.3) • Por the same sj/sti.-m th^' r.ctivation 

2 

energy values of 1.1 and 0.9 ev were obtained in air by 

VgCLchenkova and Palguev [ll6] and Ullmann [ll7] respcctiv-dy . 

The results of the present investigation arc thus in good 

a,greoment witn the i3ublished results in a3-r -r tr osphorv . ..o 

earlier results are however availabl. at loiar 

pressures to compare with the present da.t’' . 

The activation energies observed for the ThO^-5 ’0 

compositions may a-lso be compared ’,fitn tnost. r^P'OrLCj in nir 

Th0„— Y0-, r- system. The activation energies ucs,rv.. a ''Ua 

2 1.5 
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J..12 to 1.38 [86] 5 1,2 [52] and 1.09 [49] . Those values are 
c^ose to those observed on Ca0-6cped lh02 specimens measured 
in aij- over a wide temperature range but are lower than the 
values observed in the ionic conduction region at intermediaitc 
temperature . 


The high values of activation energy in the int*.'.r- 

mediatc temperature region compared to those at high tem'^rntur 

may be explained, if one considers that the oxygon va,ca.r;cics in 

this temperature range are associated with the impurity c tic ns 

iis has been mentioned earlier (Section VI-4], th(?, formation of 

such defect complexes is favoured in a ThO^-CaC lottice due tc 

a favourable cliarge distribution between the oxy.-_en vacancies 
2 + 

and the Ca ions. Dielectric and mechanical relaxation 
experiments have earlier indicated the presence of such defect 
complexes in CaO doped ThO^ specimens [115]. The nigh velue of 
activation energy (l.80 ev) in the intermediate temperature 
range in pure thoria of the present investigation compared to 
that of Bransky and Tallan [87] may be attributed to th.?; 
presence of a significant quantity of CaC (Table 3-1) in the 
starting material. 


It may also be noticed in Table 5*3 t’lPt th«- 


activation energ 3 r for ionic conduction (i.e. at = 
remains high and nearly constant (1.80-1,90 cvj in th 
mediate temperature region upto 2 m/o CaO ana deersas 
after (Fig. 5.19). These results may be interpreted 








follows . Tlie infroduction of increasing amounts of GaO in 
ThOp lattice tends to increase the concentration of defect 
complexes referred to above which in turn lead to a,n inor-^ase 
in activation energy fop defect migration. Hoveeveryat higher 
CaO contents the lattice becoiiies more open with a lar-. ’er number 
of vacancies and. consequently the activation energy for 
conduction is reduced. 

By increc.sing oxygen partial pressure thu ccntribut i on 
from the hole conductivity is increased and therefore the 
observed activa,tion. energy is less represent8.tive of the motion 
of defect complexes. 

In the high temperature region,, the activation 
energies are much closer to those observed u arlior in jure 
TliOp and ThOp-YOp^ ^ solid solutions and it may be- expf^ctod th-; t 
the defects arc in the dissociated state at these high 
temperatures. Tho difference between the activation erergies 
in the high and intermediate tempt raturo ranges, in that cose, 
gieres the binding energy for the defect complex and is fettnd to 
vary between 0.4 to 0.5 ev for different GaC-dopec ThO, 
specimens. These values may bo compared with these oi 
0.3-0. 4 ev [132] obtained in alkali halides with dival-'nt 
impurities. Bor oxide systems, a higher value oi eincan^, 
energy is expected due to the higher charges asseex.' to ■? 


the defects. 
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In Pig. 5.19 and Table 5 . 4 ^ transition temper- 
ature decreases mth increasing CaO content. This is in 

contrast to the fact that with - nr 

wixn increasing CaO content the 

defect concentration increases and the transition should take 

place at higher temperatures. Hoverer, the observed lowering 

of transition temperature may be to the relative charges 

of activation energy in the two temperature ranges. 


VI-6, THERMOE'ISCTEIC POWER 

As has heen mentioned earlier, the total Sec-bock 
coefficient of a mixed conductor ig given by 


- ^ion ■ "^ion + \\ (VI- 28 ) 

Assuming both t^^^ and t^ to be independent of temperature, 
the temperature dependence of may be- given by 

d(ap/aT = Uon + th (TI-29) 

ill a p-type semiconductor is giverx bv 


a 


h 


k 

e 




P 


A] 


•where is tho effective density of states at the 
level and A is a term connected xwi-fch the kinetic c 
the charge carrier and is genercully snail and inde 
temperature. The temperature ch-ipendence of may 


(VI -30} 

transport 
ncrey of 
pendent of 

bc’ 


expressed as 



16C 


_ k d ( t' ) 
dT - ~ e dT 


-31 


'ThereforG the value of decreases with incroouing, ternpereture . 
On tho other hand} comparatively less dspcndeat on 

temperature and its value is much smaller coinpa:rGh to tiv't of 
'^h* 1000°0 and 10 ^ atm. of oxygon partial pressure , the 

estimated for 'pure' ThO^ is 0.45 mV/°K compared to 
1.4 mV/°K for [87]. Howovc-r} Tallan and Brarisky [70l have 
observed a slow increase of as a function of temper" ourc . 

In the present investigation, tho va].u;- of <x^ for 'pure' I'lC^ 
could not be measured due to its very low ionic conductivity 
at low temperatures. However, for 7 m/c GaO it was found to 
be 0.25 mV/°K. 

Tho observed temperature dependence, of Urji in tl^^. 
present investigation may be explained if one considGTs tii.; 
temperature dependence of t^^^ under different <■ xp«; rimentai 
conditions. The v?.ri8tion of for 'pure' ThC^ and 7 m/c 

CaO specimen as a function of temperature and 11 is shoi-ne in 
Tig. 6.6. 

Lowering of with increasing tempr r.-iture , vac 

observed in the temperature range (above 800 ’C) where boch 

(Pig. 5.27) 

t and t, remains constant/- This is consistent vita t'n 
ion h 

predicted temperature dependence of iIg v-lu,^ oi 

to 

being small and comparatively inecnsitivc/tempcraturc i?". tcie 
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3) Ionic conductivity incrc-a.sos with increasing 
CaO content following the dilute solution modol. At a given 
temperature and oxygen partial pressure- s the ionic tro.nsfcrence 
number increases with increasing CaO content. 

4) Tho vr.riation of conductivity with recipi-ocal 

temperature led to three different slopes in tho different 

temperature regions. These slopes were also a function of 

composition a.nd at low and intermediate temperatures a,lso of 

Pp, . The conductivity in the low tempero,ture r-:gion is 
2 

influenced by grain boundary effects while in the- intermediate- 
region a defect complex formation appears to be operative. 

The conductivity at the highest temperatures then represents 
the behaviour duo to dissociated defects. 

5) Thermoelectric power was found to increase with- 
increasing temperature upto 8C0-900*^C and decreased slightly 
thereafter. The value of the Seobock coefficient was a.lso a 
function of composition and oxygen partial pr ssurc'. These 
results are consistent with the postulated dc.'fvct structure 
and observed electrical conductivity. 

6) Aji oxygen pump ba.sod on sirconie. eclid electrolyte 


may be used to maintain tho required orygon r.ctivity in a 
flowing inert gcas~oxy''gon mixture. However j .u--' control b^. coui^^s 
difficult at somo intermedis.te Pp range wnicxi _t.‘CLus Ujjoii 
the experiment a,l parameters. Th- se oxygen r.re nou ascj.ul 

above about 900°G due to a significant oxyg\-n la-'.-:r.,ge throiudi 


the electrolyte tube. 
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Conductivity in Air 


Temperature 

! 

! 

t 

1 

1 

Conductivity 
( moh . cm”^ ) 

('’c) 

I'Pure' Th0„ 

1 - .. ^ 

1 1 m/o CaO 

1 2 m/o CaO 

» 

607.0 

C.957P 

3.8314 

18 » 95}i 

655.0 

2.408p, 

12.75{i 

48,824 

705.0 

5 . 6 90 |i 

31.464 

95.874 

. 755.0 

12.769P 

75.594 

197.024 

807.0 

26.588ii 

158.04 

371.244 

852.5 

44.947(i 

266 .84 

598 .74 

905.5 

78.07|i 

453.34 

966 .Iji 

955.0 

121.87’4 

715.64 

1,451m 

1004.0 

176. 4p 

1.265m 

2.296m 

1051.5 

247.44 

1.618m 

3.019m 

1097.5 

428.94 

2.369m 

4,278m 

1150.0 

651 .O 4 

3.256m 

5 .6C8m 

1203.0 

655.34 

4.455m 

7.318m 

1253.5 

809.74 

5 . 862 m 

9. 16 Tin 

1303.5 

957.44 

7 . 405 m 

11.428ffi 

1355.0 

1.162m 

9.713m 

14.301m 

1400.0 

1.455m 

11.865m 

16 .797m 


Talale Al.1.2 



Conductivity 

in Ail- 


Temperature 

(°c) 

1 Conductivity 

! -1 

1 -- ( moh . cm ) 

! 3 m/o GaO 

J-- 

1 

1 

! 

1 

4 m/o CaO 

609.0 

26 . 22 |i 


35,28ii 

655 .0 

54.35^1 


71.98p 

703.0 

113 . 2 p 


146. Ip 

750 .0 

208. 7ii 


270. 5p 

804.0 

389. 3p 


509 . -ip 

852.0 

645 . 4|i 


0 

00 

902.0 

1.038ni 


1.379m 

954.0 

1.635m 


2.182m 

1004.0 

2.426m 


3 . 2533 : 

1052,0 

3 . 410m 


4 . 583m 

1097.5 

4.573m 


6 .lC4m 

1146.0 

6.121m 


S . 211m 

1201.0 

8.120m 


1C. 778m 

1251.0 

10 . 361m 


1*; .C2C;;i 

1300.0 

12.834m 


17.245m 

1348. 0 

15 . 303 m 


2C. 90333 

1394.0 

18.506m 


0,' 



A 


Table A1 . T . 
Conductivity in Air 


? 

? 

Temperature | 

(°c) 1 

1 




Conductivity 
( moh . cm ^ ) 


5 m/o CaO 

] 6 m/o CaO 


608.0 

41.272p 

44.S9P 


658.0 

85 .OOji 

92.74P 


706.0 

166. 17p 

185 . 26p 


752.0 

305. Sip 

338. 82p 


801.0 

544 .Op 

607. 4u 


852.0 

942. Op 

l.C49iii 


906.0 

1.566m 

1.745n 


955.0 

2.593m 

2 . 66lrn 


1005.0 

5.495II1 

3.882n: 


1052.0 

4.850m 

5.373m 


1098.0 

6 . 44 7m 

7.15Cm 


1147.0 

8.542in 

9.‘;i5c 


1202.0 

11.17m 

12.333m 


1251.0 

13.91m 

15.294ri 


1501.0 

19.28m 

21. 2v.;- 


1552.0 

24.20m 

26.75m 


1409.0 

30 . 51n 

31 . 59;:: 
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Conductivity in Air 


'Temperature { 

(°0) - 1 

Conductivity 
(noh. ca 

7 m/o CaO 

607.0 

49.77tJ 

655.0 

110. 6 u, 

705.0 

216. 25p 

751.0 

599. 5!i 

801.0 

717. 2p 

855.0 

1.248n 

905.0 

2. coin 

955.0 

5.20C'n 

1004.0 

4 . 6 51^" 

1052.0 

6 .60' On 

10 99.0 

G 

1152.0 

12.C95n 

1205 .0 

16 .0 6i u 

1256.0 

2^ .-:56 : 

1504 .0 

25.5*. 9n 

1555.0 

51 . 41-r’-. 

1599.0 

57.2c3ri 




Table Al. 

Conductivity 

in Air 

Temperature 

(°C) 

1 

\ 

! 

\ 

1__. _ . 

Conductivity 
(moh. cm ) 

{ 10 m/o CaC 

_J_ ^ - 

1 

1 15 m/o CaC 

1 

6C4.0 

53.8Cp 

39.944 

652. C 

12C .2p 

.91.424 

698.0 

234.14 

162.64 

74 7. e 

452.84 

554.84 

8 C 8 . 0 

932.84 

755.64 

856.0 

1 . 581 m 

1 . 30 5 m 

90 ' . 0 

2 .494m 

2 .C 8 m 

951 . C 

3.77m 

3 . 16 m 

icro.c 

5 . 98 m 

-^.78m 

10 49.0 

7 . 88 m 

6.73m 

1C 95.0 

ll.CCm 

9 • 36 m 

1151.*- 

15.15m 

13.38m 

1198 .>^ 

21 . 20 m 

16.25m 

* 

1 — 1 

25.35ni 


13C 0.0 

32 . 62 m 

29.25*:. 

1348.0 

39.2m 

35 . 89 m 

1396.0 

48. 5 3m 




'Table Al. 2 »1 





Conductivity Values 

in Oxygen 

, AtiTiOspher 

e 

lomperc; 

•ture 'Conductivity ! Temperature j 
!oi 'pure' Th0„ ' ' 

1 r ^ 

i (moh. cm~^) j | 

Contuc 

( m 0 b • 

4 m/c CaC 

tivity 
cm”^ } 

7 m/o CaO 

607 

0,765p 

600 

29.5911 

54 .C3u 

650 

1. 718|i 

648.5 

75 .OSp 

122. 3[x 

700 

4.430|i 

685 

132. 4ii 

211 . 94 

750 

10.81|i 

751 

32C . Su 

502. Op 

798 

22.35ii 

800 

571.911 

880 .Op 

850 

45.13ia 

850 

919. 6p 

1.476m 

902 

81.99p 

900 

1 . 473m 

2 * 



950 

2 . 2D3m 

3 .5b4m 

1001 

205. In 

599 

3 • 738m 

5 .46cm 



1050 

4 . 68 Sm 

7.1C.'’m 

1092 

389.711 

1099 

7.251m 

11. 19m 



1150 

9.99m 

15.11m 

1199 

707.911 

12C: 

12 . 90in 

19. 47m 



1250 

16 .Obn 

24.47m 

1301 

1.119m 

1300 

2C.3Cm 

29.79m 



1350 

24 .4?;r, 

' '' V '^^-1 

1405 

1.637in 

1401 

- 



i-7 


Table Al.?.? 

Conductivity in Oxygen Ateosphere 


Temperature 

(°C) 

1 

t 

i 

1 

» 

! 

Conductivity 
(moh. ca~^) 

! ^ L..i. 

! 1 m/o CaC 

1 

{ 2 m/o CaC 

1 

i 3 m/o Cae 

605 

3.824^1 

2C . 32 p 

32.2eiJ. 

652 

14.82p 

58.84(1 

72 .67p 

697 

4C.9C|i 

127. 99p 

144 . 9p 

750 

ICl.CSii 

263 . 3|i 

269. 9p 

Sl'v 

197. 12p 

468 . Tp. 

51-- .3p 

8CC 

210. 3 p 

•■r94.0a 

519 . 5p 

854 

365 . 45ii 

819. 3p 

896 . 9p 

899 

666 . 5p 

1.378m 

l.‘'r86m 

950 

lC3C.lp 

2.C49m 

2 . 211: i 

K CO 

1.523m 

2 . 915 m 

3.ie6m 

1C 51 

2.467ni 

4. 38 5m 

4.745n 

1150 

4. 496n 

7 . 6la 

3.193m 

120 C 

5.964n 

9.80 Im 

T rjf' 

J,K . /v 

1299 

9.836iii 

15.0 2:u 

15 . 38:.. 

1348 

12.42m 

18 . 28m 

2C .I7m 

1400 

15.74m 

22.24L-: 

P vV ■! 


;.6 


yable Al.o.l 

Conductivity Values at = 10“^ at 


Temperature 

(°C) 


Conductivity 
(moh. cm~~ ) 


1 'Pure' ThOp 

i 4 ni/o CaO i 

7 m/c .JuO 

604 

0.1854 

6.5444 

13 . 55 U 

652 

0.5304 

15.784 

29.894 

698 

0.59264 

55.674 

62.154 

750 

1.0984 

70.174 

155. C4 

800 

2.O8O4 

140.54 

268. 64 

o 

CO 

4.0454 

268.74 

505. ?u 

902 

7.4594 ■ 

487.24 

696. 24 

951 

12.544 

798.0 4 

1.452m 

1000 

19.7O4 

1 .56521 

2. 5 60m 

1049 

50. 10 4 

2.420m 

3-704ni 

10 S' 6 

41.744 

- 

- 

1149 

65.564 

5 . 950m 

6,4CSm 

1200 

91.124 

5.836i!1 

S.873m 

1250 

118.44 

6.828m 

iC . 9 Sm 

1298 

162.74 

8 . 71 Sm 

13. ''fe 

1549 

205.84 

11 .02m 

f « 92* 


Table A1 , 3 . 2 



Conductivity Values 

at P„ = 10 " 5 

^'2 


TemperatLire 

(°C) 

J 

1 

! 

5 

Oonductivity 

(moh. 


! 1 m/o CaO 1 

- t 

2 - rn/o CaO ’ 

3 n/o CaC 

60 5 

0 . 929 |i 

3.9224 

5 . 1 C u 

653 

2 . 425 p 

9.7594 

12. 224 

750 

I2.9I11 

^12.884 

53 .60 4 

700 

5 . 76 ti 

2O.9O4 

C. J * ‘■r 

800 

27 . 6 lji 

83.664 

103.84 

851 

53 . 23 ki 

155.44 

1^59.74 ■ 

900 

95 . 33 (i 

268.64 

347.54 

95 C 

172 . 39 p 

455. I4 

50 ^C .64 

ICCC 

291. Sp 

824.74 

XL ’’ L' . X 4 

1 C 4 9 

609. 2|i 

1 . 3152 m , 

1 .ci'6m 

1100 

843.14 

1.756rn 

1 ' 1 r-. 

li. » i,i 

1150 

1 . 18 Gm 

2 . 364 m 

2 «663r:. 

1200 

1.66 bu 

3 . lion 

3 * 76 

1252 

2.46311 

4 . 14 Cm 

3 « C Bl:: 

13c 1 

3.21912 

5 . 36 4 m 

C' * 1 ? 6 ;:; 

135c 

4 . 197 m 

6 . 663 m 

<7 7 X Qv 

* ./ y .X* 


Table A1.4..1 


Conductivity Values at I' = lo"^^ atm. 

Ug 


Temperature 

(°C) 

t 

t 

1 

1 

Conductivity 
(moh, cra~^) 


! 'Pure' ThO„ 

— 1 .. 2 

1 i—p . 

I S- lu/o CslC I 

i i 

7 m/o CaC 

602 

0.134^1 

4. 595[J. 

7. 959p 

657 

0.179P 

9.369P 

16 . 1 C^ 

685 

0 . 226 p 

13 . 68 p 

26.98iJ 

750 

0.497ii 

39.27|i 

87. - 8 u 

800 

0.781U 

91 . 661.1 

192. 7p 

854 

1.183P 

203 . 3|i 

‘■■'10 .Cjj, 

902 

1 .806u 

380. 9p 

7-^2. 2p 

955 

3.400[i 

Sll .5(1 

a • 2 7m 

1001 

6.450p 

1.197ni 

2.097m 

1047 

11.500p 

1.691n: 

2 . 9-''r5m 

1099 

20.24|i 

2.307U 

-r . 2 .1 

1149 

32.33P 

3.234m 

5 .6- 9m 

1200 

48. Sip 

4.553m 

7.689m 

1250 

68 . 59p 

5.S15r. 

^ « / ‘T / j-m. 

1500 

92. 78^ 

7.4S2ra 

12.13m 


Trble Al.4.2 


Conductivity Values at Pq = otu. 

2 


Temperature 

(°c) 

t 

! 

! 

1 

Conductivity 

(roh. 


5 1 m/o CaO 

] 2 ni/o CaO 

t - - 1 — 

5 m/o CaO 

610 

0.602^ 

2.024 

6"^ Li 

651 

1.284ii 

4.2754 

6 .0764 

698 

2.35611 

7.644 

11.324 

754 

3.947ii 

12.63m 

24 . 914 

800 

6.74ii 

2O.SI4 

4-6 

852 

l6.62ii 

51.004 

103.54 

898 

44.841X 

124 . 64 

225. 5u 

950 

855 « 2iJ- 

232.64 

362. 7u 

1000 

IS8 .7ii 

42 6. On 

601 .64 

1050 

291. I4 

681.64 

92‘" • 34 

1097 

461 .IP- 

951.94 

1 . 253m 

1152 

696.14 

1.3C40- 

1.715m 

1200 

946,04 

1.6t 5:" 

2.1 Tim 

1249 

1 . 358m 

2.1S1I'- 

2. 3 27 m 

1299 

1.942m 

3.03em 

3.675m 


Table A?.T .1 
Conductivity at 6CC'"c 



23.84 1.132 3.27 



iJl 



Ts.bls il? . 1 . ? 


Conductivity at 6Cv‘^C 


'g p 

''2 

1 nm . .. 

t 

1 

t 

1 

Conductivity 
( u noli . CEi”^ / 


1 1 m/o CaC 

-.J - 

; 2 n/o Ga-: i 

3 n/o Ca. 

3.35 

( .657 

3.679 

6 . 13 

4.52 

V. .637 

3.167 

^ r lL 

4.93 

c <.626 

2.7‘l 

^.S5 

5.33 

c . 62 c 

2.651 

T ^ rr -7 

4.C9 

v' . 6 ( 1 

2Jrl5 

‘ 9 <7; J_ 

« 

"if 

1 — 1 

. 61 l 

2 . 45 s 

0 41 

C~ a ^ 'c 

16.52 

C . 6 ( 6 

2.48? 

- « 4_ 

1 Q ,4 / 

J_i^ « ‘•■'i 

. 6 J 3 

2.n81 

2 .81 

20.31 

^ . 6 C 4 

2.689 

t> Vv 

22.85 

. .6C3 

« *4-0 

2.79 

24.89 

■ " .661 

2.4 6 





Table 


Oondu®tivity at 685°C 


-I**'® I’o 
^2 

\ 

1 

J 

! 

! _ .. 

Conductivity 
(u moh. ca~^ ) 


! 'Pure' ThC' 

L_. _ d 

i 4 irVo CaC 

.5 1 

7 r./o CaC 

3.16 

1.23^ 

35.98 

73.68 

4.C7 

C.838 

23.65 

6?. 61 

4.61 

1,73' 

25.33 

57.57 

5.89 

C .536 

2C . 51 


7.71 

4.334 

14.85 

•:-2.97 

11 . 34 

C .286 

14.78 

-3.34 

15.17 

C.3C1 

14.73 

- 2 . 9*- 

16.72 

C . 287 

14.73 

‘.2.97 

17.34 

C . 282 

14.56 

-2.76 

18.58 

4 . 278 

15 .26 

-0.16 

19. 3C 

( .285 

15.. 9 

' 3 . 7‘j 

21.37 

f ,294 

14 . 68 

r » 's. <0 


A?.?.? 

Conductivity at 685°C 


■log P(- 


Conductivity 
( u. !iOh. 


1 Ei/o CaC 


4.C 

7.588 

4.25 

6.621 

5.1 

5.422 

5.43 

a. 86 5 

14,85 

3.25'.' 

15.78 

2.732 

17.4 2 

2.774 

17.85 

2,718 

16.14 

2.682 

19.08 

2.623 

19-92 

2.62 

2-. . 74 

2.578 

21.45 

2.598 


2 ;:'i/o CaC j 3 n/o Cav 


21.455 

23.612 

15 .‘3l6 

21.476 

16 . 526 

1C . 562 

15.252 

17.265 

11.1c 2 

12.45' 

1C . 517 

11.3^7 

i: .751 

12 . cl6 

Iv .634 

11.357 

la. 6c 1 

11.257 

I'C .501 

11.197 

Iv .517 

11 . 2i 1 

K .417 

11.257 

!■: .457 

11 . 2:17 


Table A2.3.1 


Conductivity at &■. .*^0 


-l?'g P; 

' 2 

! 

t 

X 

X 

Gonducti\'it;y 
( u c: oh . cr.i ) 


‘ Pure ' Th „ ; 

-r u/o Co- ' 

•/ •: /c Oo- 

3 .15 

6 .8C 

178 . 6 

366 . 1 

00 

4.96 

13-i ..'r 

33'C .1 

4.19 

4.24 

l-'-' -i . 38 

31 . - 

00 

3.29 

132.1 

Jy ^ r » 6) 

5.74 

2.31 

116 . 98 

2.:--:. 5 

7.15 

1.48 

97.6'. 

2c 1.3 

13.24 

2.S24 

98.5-. 

243.6 

14,17 

C.915 

98 . 83 

?b-, .2 

l‘r.35 

C .97C 

98.9- 


15.83 

1.092 

99-25 

hi *2 

16.36 

C ,951 

1C 1.22 


17. 3C 

l.v21 

i:i.72 

268.19 


Talkie i.2.5.2 


-log P.. 

■'2 


.C7 

4.37 


4 .68 


5 . 7 
14. 8C 
15.64 
iG .84 
17. 5S 
17.76 
4.22 
3.72 
5.48 

5.45 

3.45 
12.77 
U .84 

8.99 

7.6C 


Conductivity ot 8CC 'C 


Conductivity 
( u noli . cc ^ ) 


! 1 c/o CaC i 2 

j 1 

36. C 2 
31 . 2C 
29.64 
22.44 
V . 56 
1( .68 
li .59 
1^. .76 
1C. 59 
33.79 
39.37 
42.88 
43.24 
44.65 
1G.98 
1C .65 
1C .7C 
11.35 


rn/c Cav \ 


'Jd-T5 

_L IL L' » 

89.22 

Iv 4 .39 

86..; 1 

li 1.3, 

7. .-'t 

cC*l2 

4v 7 

y , . ' 

4;' .23 

bl *1? 

V.' i 4 

i-l- ^ \ o 

1^ .'"I 

. , r 

7 , TT 

*' 0 


35*6:' 

01.35 

95.69 

1 ^ K 7 

1C 7. 88 

124.55 

115.66 

7 b “I 

^ j! * ^ y 

116.23 

7 TT O "2"2: 

J L. * J J 

117.6 

_ r-. t r" rr 

1 . 7 / 

39.6. 

5o * 6’ y 

39. 4‘ 

^'0 « t" C4 

.'4 .5' 

7 9 . 2 ' 


43*37 



Taljls A?, 4.1 
Conductivity zt 1. . i 



Lr\ 



Table il?..;.? 


Conductivit j -.t i. ■, , ®c 


■log P 

2 

! 

1 

t 

1 

! 

t __ 

Conductivity 
( U non. cn~^ ' 

/ 

1 1 ffi/o CaC 

'V * 

1 2 n/o Ga. 1 

. f... * 

3 u/o Ca. 

3-25 

393.1 

353.1 

!■. 73.7 

3-95 

326.3 

722.7 

••wi S 

4-S3 

271.3 

624.9 

623.3 

5.92 

24C .6 

567.9 

756.1 

7.56 

23 < . 6 

551.4 

734.2 

17.55 

23v .6 

551.4 

734.2 

2v .34 

223.6 

555.5 

71 ^ 

21.65 

166.3 

-■ 26.1 

15 1 ."5*7 5 

22,53 

168 . 6 

429.1 

6 » 1 • C 

24.71 

16'.' .5 

45 7.- 

O' i. * C 




Table A2.5>1 
Conductivity at 


“log P,. 

"2 

\ 

\ 

! 

! 

f 

Conductivity 
(aoh. cn~^) 


1 ' Pure ' The ^ 

1 4 m/o GaC ’ 

7 :../o Ga; 

3.21 

185 . V 4 

6.36e 

9 . 48n 

4.22 

128.54 

5.75n 

8 . 6 5n 

5.18 

95.684 

5.19ia 

6 . 6 5u 

6 . i 5 

77.944 

5.22n 

r? ' 

8.11 

68.624 

5 . 11 n 

7.91r- 

5.75 

68.454 

4.99n 

7 • 78 a 

13.25 

68.134 

4.97e 

7.7au 

16 , 41 

67.874 

5 . 11 n 

7.5 6 a 

17.28 

63.454 

4.94n 

7.S6a 

17.94 

52 .CC 4 

4.83a 

7 O-'i 

1 » - 

2 C . 34 

5’'' 74 

4 . 91 n 

7.76n 

22.75 

49.184 

4,78n 

7,65u 

2548 C 

56.264 

4.78a 

7.69r: 



-.21 


lalle A?. T.? 
Conductivity at 12- v°C 


■log X 

2 

\ ■ ' ■ 

? 

t 

\ 

! 

} 

Conductivity 

‘1 

( m uoh . cn~'^ ) 


1 1 Uy^O Cq.L 

? — 1 — L 

! 2 u/o Ga^ ; 

3 u/o Cav 

3.2 

1.895 

3.488 

4.16. 

3.95 

1.5 90 

5 • ^ 

3.6312 

4.98 

1.343 

2 . 4 58 

3.C72 

6.07 

1.216 

2.236 

2.853 

7.67 

1.2{ 3 

2.238 

2.G13 

17.61 

1.15 

2.142 

2.735 

2C .12 

i .971 

1.80 7 

2.377 

21. ^'.4 

0 . 93*: 

1 . 633 

2.25 

22.52 

v' .907 

1.648 

2.243 

24 . 93 

C . 9. 7 

1.665 
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